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D E D IC A TIO N  
TO THE M E M O R Y  OF M Y  F ATH ER
S U M M A R Y
The main aim of this thesis is to improve the computational efficiency of three 
dimensional m ethod and to investigate its applications to prediction of motion responses 
and wave loads for mono and twin hull vessels with emphasis on twin hull SW A TH  ships 
and crane vessels during heavy lifting operation . The result is to provide a more advanced 
tool for practical ship designers to use at the primary design stage.
In order to im prove the com putational efficiency of the three dimensional theory, 
the existing three dimensional panel method is modified in two different manners, firstly by 
m aking use o f the properties of Green's function and then by introducing the higher order 
panel methods. It has been found that the first approach is simple and can save considerable 
com putation  time, while the im provem ent by the second approach is not significant at 
present but it has potential for future developments.
A m ono hull Series 60 and a small waterplane area twin hull (SW A T H ) model are 
calcu la ted  by the m odified three d im ensional m ethod (from the first approach). The 
em phasize  is drawn on the SW A T H  model which is traditionally  treated by the two 
dimensional strip theory. The viscous effect on the motion of SW A TH is taken into account 
by a sem i-em pirical method . The com parison with two dimensional prediction and 
experimental results has been made. In addition, the standing wave phenomenon in the 
vicinity of twin hull ships and its effect on hydrodynamic coefficients and wave loads are 
extensively discussed.
The ordinary motion equation is modified to predict the motion responses of crane 
vessels during heavy lifting operation. The coupling effect between the motion of the vessel 
and the load being lifted and the viscous effect are considered in the prediction. The results 
are compared with the available experiments to validate the prediction method.
A general three dim ensional method for predicting wave loads on cross deck 
s tructures  o f twin hull ships has been in troduced. The pred ic tions  are fully three 
d im ensional,  so this m ethod has ability to predict the wave loads and the wave load 
d is tr ibu tions at arbitrary w ave heading  . The predictions have been com pared  with 
experimental data.
In order to evaluate the seakeeping quality o f  a ship design in certain ocean 
environm ent,a  seakeeping quality evaluation m ethod has been presented. This method is 
based on the irregular wave results which can be deriv ed from regular wave results and the 
observed ocean environmental data in certain area and season. In addition, some design 
criteria  for S W A T H  ships have been d iscussed and an exam ple  has been given for 
evaluation of the seakeeping quality for a SW A TH  design.
Finally, the overall conclusions regarding the above investigations are drawn, and 
some possible proposals for future development based on the present study are suggested.
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N O M E N C L A T U R E
Ajj added masses or inertia
A°ij added masses or inertias at zero speed
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wave amplitude 
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damping coefficient per unit ship length at position x along hull
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viscous damping coefficient
aspect ratio of panel element
one half distance between centrelines of each hull
breadth of stmt at waterline
breadth of stmt at vertical position /
block coefficient
crossflow drag coefficient
contour around intersection of body surface and free surface
VI
Cjj hydrostatic restoring coefficient
Cij hydrostatic restoring coefficient of a crane vessel
with the load at the jib extreme 
Fn ( = U /V (L g)) Froude number
Fj wave exciting force or moment due to wave
Fvj viscous wave exciting force or moment
fj component of the tension force on the sling cable in ith direction
fd (= f-mg) dynamic sling tension of the cable
G G (£, r|; x, y, z) Green's function
Gj Green's function associated with the position (xp y-v z ,) in fluid
G M t transverse metacentric height
G M l longitudinal metacentric height
g gravitational acceleration
H 1/3 significant wave height
ho height of cross deck above the free surface for twin hull ships
Iw inertia of waterplane area
Iji moment of inertia in ith mode
Ijj product of inertia
k wave number
L ship length
1 length of lifting cable
M mass of body
Mb bending moment
Mt torsional moment
Mvv moment of waterplane area
Mjj general mass matrix for ship
M. general mass matrix for crane vessel with the load at jib extreme
m mass of the load being lifted
m^ mass per unit area of cross deck
m s mass per unit ship length per unit height along strut
- vn
N number of panels
n (n ]5 n2, n2) outward unit normal 
p pressure
q matrix of source densities
qj source density on ith panel
R V(r2 + (z - T|)2)
R '  V(r2 + (z + r |)2)
r V ( ( x - 0 2 +  ( y - C ) 2)
S mean wetted surface area
S t instantaneous wetted surface area
S 0 surface in waterplane
Sf free surface outside waterplane
T ship draught
Ty hydrodynamic action on ith panel
per unit oscillatory displacement in jth mode 
T0 modal w ave period
T j average w ave period
t time
U forward speed
V fluid volume
V 2 horizontal side force
V 3 vertical shear
v fluid velocity vector
v n velocity in direction normal to the body surface
W  steady state velocity vector
x, y, z axis system defined as Fig. 2.1
x (), yt), z() axis system fixed in the space
x', y', z' axis system fixed in body
x, y, z local element axis system
/<_- vertical co-ordinate of centre of gravity
(3 heading angle of incident wave with respect to x-axis
-  V l l l
waterline length of ith element adjacent to free surface
area of ith panel
displacement of ship
wave length
small quantity
displacement in ith mode of motion
complex amplitude of
free surface elevation
steady state free surface elevation
wave length
local element system
density of fluid
source strength
doublet strength
total velocity potential
steady velocity potential
unsteady velocity potential
incident wave potential
velocity potential associated with
ith mode of motion (i = 1,2 ,...6)
forward speed independent part of o l
diffraction potential
swing tingles of the lifting cable 
with respect to x, y axes respectively
co-ordinates of the jib extreme in x, v. x, direction respectively 
wave frequency 
encounter wave frequency
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C H A P T E R  ONE
IN TR O D U C TIO N
1.1 G en era l  C on s idera t io n
A ship or m arine  vehic le  opera ting  in  ocean en v iro n m en ts ,  which are 
uncom for tab le  and often hostile, m ust fulfill its function nam ely  transporta tion  or 
exploration with safety, prudence operation of the ship, mid with effectiveness of the ship's 
crew and its equipment. In extreme conditions, it must withstand waves which c a u s e  it 
to  bend and twist w ithout structural failure and seas which might overturn it without 
capsizing. It should also retain its manoeuvrability and reduce deck wetness, slamming 
and speed reduction in waves.
To design such a vessel, naval architects face a formidable task and must rely to a 
large extent on the methods which can predict the way a ship behaves in a seaway. Since 
EuleW1] and B e rn o u l l i ^  published the earliest work on the ship motion problem in the 
middle of 18th century, naval architects have expended considerable efforts in deriving 
such a prediction m ethod for use in ship design. Unfortunately, this was something of a 
'black art' over a long period primarily because of the absence of any technique that could 
describe the complex nature of the problem involving free surface waves which Ixthave in a 
random way. For this reason, naval architects were forced to rely heavily on empirical 01 
sem i-em pirical rules based on past experience. The result is that designs changed only 
slowly from one vessel to another. Seldom is a radical departure made in the hull form of a 
ship. The im provem ent of the seakeeping quality of a ship design is a rather difficult and 
time consuming task.
The well known paper of St. Denis and Pierson' ^  in 1953 on the application ot the 
principle o f superposition to the ship motion problem started a new era in this field by 
hypothesiz ing  that the responses of a ship to irreuular wave can be considered as the
- 1 -
summation of the responses to regular waves of all frequencies. Today, the validity of the 
application of superposition  to the ship motion and wave load problem  is generally  
accepted. In termsof the principle o f  superposition, the complex problem of predicting ship 
motions and wave loads in a seaway can be replaced by two problems,
1, the prediction of the motions and wave loads in regular sinusoidal waves and,
2 , the prediction o f statistical responses in irregular waves by using the regular 
wave results.
This first problem can be solved directly by m easurem ents using model tests or 
indirectly by a hydrodynamic theory to predict the ship responses in regular waves. Since 
the St. Denis and Pierson's paper, there have been spectacular deve lopm ents  in both 
experimental and theoretical methods for predicting ship responses in regular waves. Large 
experimental facilities for testing models in oblique waves were built in many places around 
the world. Furthermore, most of the tanks originally designed for resistance and propulsion 
test have been equip ed with wavemakers, so that they can be used for head and following 
wave experiments. N um erous ship m otion and wave loads test have been conducted in 
t h o s e  f a c i l i t i e s .  Perhaps the most significant and comprehensive tests are the systematic 
experiments carried out at NSM B in W ageningen on sixteen different Series 60 hull forms 
in 1960's. The motions, power increases and wave loads were measured for each hull in 
head, following and oblique waves. U nfortunately , even this kind of da ta  has been 
invaluable in the study of the hull form effect on seakeeping characteristics. However, for 
non-Series 60 hull forms there exists no similar systematic experimental data.
While experimental study is always desirable, it can be very expensive and time 
consuming and so it is not usually feasible to perform these experiments for each individual 
ship design option. On the other hand, the experiments are difficult to give insight into why 
a ship behaves in a particular way. Therefore, the paper of St. Denis and Pierson has 
further emphasized the importance of the development of theoretical and numerical methods 
for predicting the ship responses in regular waves.
The main purpose of this thesis is to investigate the hydrodynamic theories which
- 2 -
can predict the motion responses and wave loads of mono and twin hull ships in regular 
and irregular waves. In particular, the predictions for Small W aterplane Area Twin Hull 
(SW A TH ) ship and crane vessels during heavy lifting operations will be given emphasis. 
Before the investigation is described, a literature review on the seakeeping theories will be 
presented.
1.2 L itera ture  Rev iew
The study of seakeeping problem has been continued over a long period, but it is 
only recently that much progress has been m ade in solving the total problem. H owever, 
there are today a variety o f d ifferent theoretical form ulations based on a range of 
assum ptions in both two and three dimensional cases which are valid  in particu lar 
circumstances. Before going on to discuss the efficiencies and deficiencies of different 
theories and set up the main aims o f this thesis, a brief review of the deve lopm ent of 
seakeeping theory is necessary.
1.2.1 The deve lop m en t  of  s tr ip  theory
A m ong many theoretical m ethods, the two d im ensional strip theory  has been 
recognized as 'the most practical tool’ for prediction of motions and wave loads of a ship 
so far. The strip theory was first applied by Korvin-Kroukovsky and Jacobs '4  ^ in 1957 to 
the prediction of heaving and pitching motion of a ship in regular head waves. This was the 
first motion theory suitable for numerical computations, which had adequate accuracy for 
engineering applications. This theory was then extended by Jacobs '5 ' to include the wave 
vertical shear forces and bending moments in regular head waves. Their approach has made 
use of the characteristic shape of a ship which has a length many times its beam and 
draught, so the ship can be divided into a num ber of transverse strips in the longitudinal 
direction of the hull. Then, the wave excitations and hydrodynamic forces on each strip can 
be evaluated separately. The interaction between one strip and another is ignored. It is, 
therefore, termed 'strip theory'.
The theory of Korvin-Kroukovsky and Jacobs has since m odified and extended, 
Gerritsma and Beukelm an '6 ' employed the multipole expansion technique to calculate the
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added m ass and dam ping  coefficients  o f each strip. S m ith '7 ! showed their  approach 
predicted the head sea m otions for a destroyer hull form  which agree quite well with 
experiments. Ursell '8' found analytical solutions to the hydrodynamic forces of an infinitely 
long half  immersed cylinder oscillating on the free surface in both heave and pitch modes. 
He em ployed the multipole expansion technique which has been discussed in detail by- 
T h o rn e '9'. By applying a transformation to the results of Ursell's circular cylinder it is 
possible to calculate the added mass and dam ping for a unit length of ship shaped section. 
The multipole technique was also used by Porter '10' and T asa i '11'.
The use of close-fit m ethods p ioneered  by F r a n k '12' was another significant 
im provem ent in the d eve lopm en t o f strip theory . In Frank 's approach  a n u m b er  of 
segments with unknown sources are distributed on the section to calculate the added mass 
and dam ping  coefficients. Smith and S a lv esen '13' have dem onstrated  that the head sea 
motions can be predicted quite accurately even for a high speed hull with large bulbous 
bow when such close-fit method is applied. They also attempted to extend the original head 
sea strip theory to the case o f oblique seas, but the theories are not that accurate since the 
diffraction effect on the exciting forces was not treated properly.
It is worth to note that the original strip theory of Korvin-Kroukovsky and Jacobs 
was based on a relative motion concept which was not derived in a rational mathematical 
m anner but rather by use of physical intuition, and so this concept was considered suspect. 
It was found that some terms must be missing from the formula since the forward speed 
terms in the coefficients of the motion equations do not satisfy the symmetry relationship 
proved by Timman and N e w m a n '14'. T im man and Newm an gave rigorous analyses of the 
hydrodynamic coupling for a symmetric point-ended ship. They revealed that the forward 
speed dependent terms in hydrodynamic coefficients have the following relationship, (for 
five degrees of freedom)
A, heave induced pitch moment = - pitch induced heave force 
sway induced yaw moment = - yaw induced sway force
Yaw induced roll moment 
B , Sway induced roll moment
- roll induced yaw moment
- roll induced sway force
-  4 -
This is so called Tim man-Newm an relationship in the case of five degree freedom. 
For above reason , the work on strip theory was consequently concentrated on providing a 
rigorous derivation of the theory using the more rational approach.
It should be mentioned that the most general derivation of strip theory was made by 
Ogilvie and T u ck1151 to produce they called rational strip theory. They formulated the full 
three dimensional boundary value problem  and used the high frequency  s lender body 
assumption with a systematic perturbation expansion to make consistent simplifications 
throughout the analyses. Their formulae satisfy the T im m an-N ew m an relationship (A), but 
is only valid for the vertical modes of motion in head seas. T h e re  are som e integral 
terms in their theory which have not yet been evaluated, thus their theory is difficult to use.
Strip theory formulations which have been derived less rigorously, but still give 
good results are those due to Salvesen, Ogilvie and T u ck 116  ^ and V u g ts117!. They agree 
with Ogilvie and Tuck's results at zero speed, but include forw ard speed term s which 
Ogilvie and Tuck described as h igher order terms. Their theories satisfy the T im m an- 
Newm an relationship (A) and (B) and also can be applied to the oblique w aves. The 
correlation study made by Kim, Chou and T ien 118  ^ show s that the predictions from this 
theory agree well with experim ents, except when the ship oscillates at low encounter  
frequencies or moves with high speed. These limitations are consequences o f  the basic 
assumptions of the strip theory.
On the other hand, N ew m an1191 pointed out that in strip theory it was difficult to 
calculate the wave exciting forces and m om ents due to the diffraction directly in some 
cases. T roesch1201 has obtained solution in oblique waves, but in head seas N e w m an 1191 
has found the solution singular. C onsequently , the H ask in d 121! re la tionship is usually  
em ployed in strip theory to calculate the diffraction forces in term s o f the radiation 
potential. The original formulae of the Haskind relationship is based on a three dimensional 
potential problem, but when used with strip theory the resultant form of the wave excitation 
acting on the ends of the ship is not strictly valid since three dimensional influences may be 
important in these regions. Newm an has shown that for high frequencies of oscillation this
- 5 -
discrepancy  does not cause significant differences on a s lender ship since the wave 
propagates almost entirely in the broadside direction as explained by Ogilvief22]. However, 
Faltinsen^23! found serious differences occurring at A/L=0.45, and Maruo^24! found that 
strip theory fails to predict accurately the distribution of wave exciting forces and moments 
on a ship in head  seas. In particular,  good  agreem ent betw een m easu rem en ts  and 
calculations for force distribution at bow was achieved, but the prediction of the pressure 
decay along the hull was poor. This resulted in considerable error between m easurem ent 
and predictions on the sections over the after body. These findings were confirm ed by 
Ursell^25] and Moeyesf26l
Another important im provem ent on the strip theory was made by K W 27’28', Lee. 
Jones and Curphey^29j. They m odified  Salvesen, Tuck  and Faltinsen's theory which is 
original for m ono hulls to twin hull ships by taking the hydrodynamic interaction between 
the twin hulls in transverse direction into account. Later Lee and Curphey^30  ^ applied this 
method to predict the motion response of SW A TH  ships in oblique waves with forward 
speed. They also modified this approach to predict the dynamic wave loads on the c ross­
deck structure of SW A TH . In their approach the ship is approxim ated by uniform  twin 
cylinders for wave loads calculation, so it is only valid in case of pure beam seas. The> 
also com pared the predictions with m easurem ents and found generally good agreement, 
except for those in following waves when the encounter frequencies were very low. The 
pitch m om ent in head and following setts predicted by this approach was not good enough 
as found by Fein and Lamb^31l  The unified slender body theory of Newman^32! has been 
applied to S W A T H  by Hong^33  ^ in order to improve the prediction especially  for 
following seas. But in the limited comparisons that have been made with strip theory and 
experiments in head and following setts, it was found that the com puted motion were not 
significantly improved by the application of the slender body theory.
1.2.2 L im itat ions  o f  s tr ip  theories
and the need for three dimensional  theories
As reviewed foregoing the strip theories have been significantly improved both on 
the rigours of the theory and the accuracy of its prediction since it was first introduced b\
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K orvin-Kroukovsky and Jacobs thirty years ago. How ever, al! the strip theories have 
deficiencies in one way or another. T ak ag if34] suggested  that a m ajor failing o f  such 
approach was their inability to treat adequately three dimensional effects. From engineering 
application point of view, there are some key points on the limitation of strip theories and 
the need of three dimensional theories which can be identified as follows. ^
The strip theories can be applied to the most of mono hulls which usually have large 
length to beam ratios. Particularly, the prediction of motion responses of mono hull by strip 
theories agree well with the experimental results in head, beam and oblique waves as long 
as the forward speed is not very high and the oscillation frequency is not very low. The 
wave load predictions from bow to midship section are reasonable, but the values on the 
sections over the after body may cause considerable error. Therefore, the strip theories 
could provide a very useful practical tool for motion and wave load prediction o f m ono 
hulls before three dimensional theories become acceptable for engineering applications.
U nlike mono hulls, the twin hull or m ulti hull vessels, such as S W A T H  or 
semi-submersible, generally have long slender hulls but fairly large beams. The application
of strip theory to such vessels still needs justification, as argued by Eatock T ay lor  and
[351H ung . The correlation study between experim ents and theoretical p redic tions have 
shown that the motion responses predicted by strip theory are good in head and beam 
waves, but in oblique waves D ja tm ik o ^ 6  ^ showedthe predictions from strip theory were 
poor tor a tandem  strut SWATH. This may be caused  by the un fa ir  t rea tm en t of 
hydrodynamic interaction between the twin hulls by strip theories which only take these 
interaction in transverse direction into account.
At early stage of SW A TH  research, the researchers were primarily concerned on the 
most serious motion conditions which were the pitch responses in head or following seas 
and the roll responses in beam setts. The strip theories were, therefore, quite acceptable. 
Nowadays, the designer are also interested in evaluating the seakeeping quality of SW A TH  
in certain ocean environments^33 ,^ In the latter case, the predictions of the motion response 
in any wave heading are equally  im portant from the point o f  view of eva lua ting
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seakeeping quality!37’38'. Therefore, the accuracy of predictions from strip theory still need 
further justification.
Wu^39^ Eatock Taylor and Hung!35  ^ indicated that for certain combinations of wave 
frequencies and the inner distances between the twin hulls the standing waves may occur. 
Those standing waves are caused by the hydrodynamic interaction either in transverse 
direction^39' or in longitudinal direction '35'. The computational results in this thesis show 
that both cases of standing waves may occur, The longitudinal s tanding waves are very 
important. The longitudinal standing waves with the lowest frequency m ay cause the 
m axim um  side loads and bending mom ent on. cross deck structure of twin hull ships. As 
d iscussed  by Eatock Taylor, the longitudinal standing waves are induced  by three 
dimensional hydrodynamic effect. To investigate such effect the three dimensional theories 
are, therefore, necessary.
The wave loads, i.e. side forces and bending moments, on cross deck structure in 
pure beam seas were seen to be the worst wave loading conditions. The recent research '40' 
has found that the seas approaching from just forward or aft o f  beam  give biased load 
distributions which may cause the maximum local stress on the cross deck stmcture. Since 
the present strip theories for predicting wave loads on super structure of twin hull ships are 
only valid in pure beam seas, they are unable to predict such load distributions along the 
hull. To overcome this problem the three dimensional theory must be applied.
On the other hand, the advanced structural analyses for SW A TH  or other twin hull 
ships are mainly based on three dimensional methods If the strip theory is used for 
hydrodynamic load calculation, a rough approximation of load distribution along the hull 
must be employed. The three dimensional theory has ability to calculate the wave load 
distribution directly and so can provide more accurate wave load input for the structural 
analyses not only for beam sea cause but also for any wave heading.
Owing to the slender body assumption, the strip theory is unable to treat a ship 
which is not slender. I'his is a limitation for vessels such as semi-submersible crane vessels 
which usually have columns w ith the similar si/e in diameter to the beam ol each demihull
and the hull separation. To predict the motions and wave loads of such a vessel the three 
dimensional effect must be taken into account.
The m ajor advantage o f strip theories is that it is computationally  less expensive 
than three dimensional theories. This is why strip theories are recognized as a very practical 
tool to pred ic t the ship m otion  and wave load p rob lem  in the past d ecades  when 
computations for three dimensional body in free surface were impractical if not impossible. 
Com puter technology has drastically im proved during the past decades. Not only has the 
memory space been expanded, but the speed of computation has increased and the relative 
cost has been reduced drastically. With further improvements of the computer technology, 
the advantage o f strip theory will become less and less significant. The technology for 
calculating three dimensional ship motion and wave loads have been under development for 
a num ber o f years, while general application of these techniques were restricted by the 
limitation of com puters and the cost. The majority of the previous work was, therefore, 
concentra ted  on the deve lopm en t o f the theories based on m onohulls  or sta tionary  
structures. Before going to set up the main aims of thesis and to investigate the application 
of three dimensional theories to engineering problem especially for twin hull ships, it is 
necessary to briefly review the existing three dimensional theories.
1.2.3 Exist ing three  d im en s io n a l  theor ies
The pioneer work on three dimensional method was made by Hess and Smith!411 
for the problem of nonlifting potential flow about arbitrary three dimensional bodies in an 
infinite fluid. In their approach, a num ber of panels with simple fundamental sources which 
do not satisfy the free surface boundary conditions are used to approxim ate the body 
surface. This approach is, therefore, termed 'panel method'. Hess and Smith's m ethod is 
unable to treat the free surface wave problem . H ow ever,  this original panel method 
provides the basis for the further development of three dimensional theories.
In the early seventies the advent of the offshore oil boom brought the need to 
analyse structures which were large in all d im ensions and for which strip theories were 
invalid. Consequently, three dimensional theories which coped with the free surface wave
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problem  were developed. G a rr iso n 142’431, Faltinsen and M ich e lsen 1441, H ogben and 
S tand ing !451 introduced the free surface G reen’s function which satisfied the linear free 
surface boundary condition at zero forward speed, i.e. pulsating sources, to the original 
panel method instead of fundamental sources. The result was that their panel methods had 
the ability to treat the free surface wave problem. The com parisons with experim ents 
shown the prediction by their m ethod are generally good for large num ber of offshore 
structures under stationary conditions.
In a different manner, Bai and Y eung146' introduced another way to deal with the 
free surface wave problem. They modified the original panel method of Hess and Smith by 
distributing source panels on not only body surface but free surface, sea bed and a vertical 
control surface at infinity and choosing the source strength on each panel to satisfy body 
surface kinetic boundary conditions, linear free surface, sea bed and radiation conditions. 
T heir approach only uses fundam ental sources which h a s  m uch s im ple r  form  than 
pulsating source , but the method is computational less efficient than Garrison's approach 
for the problems with an infinite extent of free surface1471. H ow ever this approach does 
have its advantages, e.g. it can be used to treat the problem where the sea bed is not flat or 
the fluid domain is restricted such as the sloshing in oil tanks.
Besides the above two approaches, there are many other three dimensional theories. 
Z ienkiewicz et a l14SI applied the finite element method which has scored spectacular 
successes in structural mechanics to fluid mechanics with free surface effect. Eatock Taylor 
and Z ietsm an1441 introduced a hybrid method which used the finite element m ethod in the 
inner region close to body surface and the panel m ethod  in the outer region. All the 
different three dimensional theories have their own efficiencies and deficiencies which 
depend on the problem to be solved.
All the 3 0  theories mentioned so tar only deal with bodies without forward speed 
and are mainly applied to the stationary ottshore structures. The work by C hang1561 applied 
the three dimensional theory to the ship motion problem with the forward speed effect. She 
introduced translating and pulsating sources which satisfied the speed dependen t free
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surface conditions to the ordinary panel m ethod to take the forward speed effect into 
account. The results by this approach agree well with experiments with or without forward 
speed. Unfortunately, this approach is computationally very expensive because the double 
integral in the formulations of translating and pulsating source is very time consum ing for 
numerical evaluation.
In order to reduce the com putational effort for forward speed problem, Inglis^51' 
developed so called simplified three dimensional theory. He em ployed a similar approach 
as the strip theory of Salvesen, Tuck and Faltinsen to simplify the forward speed dependent 
terms on the free surface conditions under the assumptions of the oscillation frequency is 
high and the forward speed is low. In his approach the pulsating source is used instead of 
translating and pulsating source, so it is com putationally  m uch cheaper than Chang's 
approach. Inglis has also investigated the full three dimensional theory which is similar as 
C h an g ’s approach  and com pared  it with s im plif ied  three d im ens iona l  theo ry  and 
experimental results. The comparisons confirm that the simplified three dimensional theory 
can give very reasonable predictions as long as its assumptions are valid. This approach is 
now recognized as one of the most practical three dimensional tool for ship motion and 
wave load problem and has been used by various of investigators, such as Chen, Torng 
and Shin^52], Wu and Price
From the review of the previous work published in this field, some conclusions can 
be drawn as follows:
1, the motion and wave load problems of twin hull vessels, especially for SW ATH , 
have been mainly treated by strip theories in the past but there are still some practically 
important problems which are difficult to solve due to the three dimensional effects,
2, the three dimension methods are still computationally time consuming, and
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3 . the majority of three dimensional work was concentrated  on m ono hulls or 
stationary offshore structures and its application to some special twin hull vessels, such as 
SW A TH and crane vessels during heavy lifting operation that are primarily concerned in 
this thesis, are still lack of justification.
These form the main aim of this thesis.
1.3 Main Aim of  this Thesis
The main aim of this thesis is to improve the computational efficiency of three 
dimensional method and to investigate its applications to prediction of motion responses 
and wave loads for mono and twin hull vessels with emphasis on twin hull S W A T H  ships 
and semi-submersible crane vessels during heavy lifting operation . The result is to provide 
a more advanced tool for practical ship designers to use at the primary design stage. The 
particular attention has been devoted to certain aspects as follows.
1, The existing three dimensional panel method has been m odified to im prove its 
com putational effic iency which is the m ajor restr ic tion  on the applica tion  o f  three 
dimensional theory to practical uses. Two approaches have been investigated in this thesis, 
firstly by making use of properties of Green's function which is presented in Chapter 3 and 
then by introducing higher order panel methods which is given in Appendix A.
2, The m odified three d imensional m ethod (by the first approach) was used to 
predict the hydrodynamic coefficients, wave excitations and motion responses o f mono hull 
Series 60 model and com pared  the present pred ic tions with o ther theore tica l  and 
experimental results to validate the modification. This is described in the Chapter 4.
3, The three dimensional theory has been em ployed to predict the hydrodynam ic 
coefficients, wave excitations and m otion responses of S W A T H  for d iffe ren t wave 
headings and forward speeds. The correlation study has been made with the strip theory 
predictions and experiments. Attention is paid to the discussion about the improvements of 
three dimensional predictions over the traditional strip theory approach. The presentation is
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made in Chapter 4.
4, Unlike monohulls, the viscous effect on the motion responses of S W A T H  and 
semisubmersibles is significant specially near the motion resonant frequencies. In order to 
predict those motion responses correctly the semi-empirical cross flow approach which was 
originally used with strip theories has been introduced to the three dimensional panel 
method to estimate the viscous effect. An iterative method is em ployed in the solution of 
motion equations. Comparison has been made with measurements. This is also in Chapter
4.
5, The standing wave phenom enon in the vicinity of twin hull ships has been 
discussed in detail. The three dimensional hydrodynamic effect on the standing waves and 
its effect on the wave loads on the structures of twin hull ships has been given particulai 
attention. Those discussions are presented in both Chapter 4 and 6 .
6 , The ordinary motion prediction methods have been m odified to predict the 
motion responses of the crane vessels during heavy lifting operations. The motion coupling 
effect between the vessel and the load being lifted and the viscous effect on the motion ot 
the vessel hies been considered in the prediction. The two examples, for a m ono hull and a 
semisubmersible crane vessels, are given. Some comparison with experimental data have 
been made as well. The details can be found in Chapter 3 .
7, A general three dimensional method for predicting wave loads on cross deck 
structures of twin hull ships has been introduced. The predic tions are fullv three 
dimensional, so this m ethod has ability to predict the wave loads and the wave load 
distributions for arbitrary wave headings. In addition, some special features of three 
dimensional predictions such as
a. its ability to predict the biased load distribution in just forward or aft beam seas 
which may give rise to maximum local stress on the structure.
b, to predict the maximum torsional moment on cross deck structure which usually 
occurs at quartering seas and
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c, to produce more accurate wave distribution input for structural analyses 
have also been discussed. Some of the results have been com pared with the experiments to 
validate the three dimensional predictions. This is presented in Chapter 6 .
8 , Finally, the traditional wave spectral m ethods were em ployed  to predict the 
statistic responses of the motion responses and wave loads of a ship in irregular waves by 
using its regular results. These statistical results can be used to evaluate the significant 
values of motion response and wave loads in given ocean conditions. In order to evaluate 
the seakeeping quality of a ship design in certain ocean environm ent,a  seakeeping quality 
evaluation method has been presented. This method is based on the irregular wave results 
for a given design and the observed ocean environmental data for certain area and season . 
Furthermore, some design criteria for S W A T H  ships have been discussed and an example 
has been given for evaluation of the seakeeping quality for a S W A T H  design. Those are 
given in Chapter 7.
In the final chapter the conclusions o f present study have been draw n and the 
proposals for the future developm ent based on the present work have been suggested as 
well.
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CH A P T E R  TW O
T H R EE  D IM E N SIO N A L  POTEN TIAL T H EO R Y
This chapter summarises the m ethod based on 3D diffraction theory for
predicting motion and wave load of a 3D arbitrary body in regular waves with and without 
forward speed. The analysis is primarily based on irrotational (inv iscid  ). incompressible 
potential flow theory. The viscous effeci will be discussed in Chapter 4 and the random  sea 
procedure will be discussed in Chapter T
The general definition of the hydrodynam ic problem is firstly outlined. This is 
followed by the analysis of the different methods for solving the boundary value problem 
to get a suitable m ethod for the present study. Finally a detailed  d iscussion  on the 
singularity distribution method is given.
2.1 Formulat ion of the Problem
2.1.1 Def init ion of the problem
The hydrodynamic theory which deals with the problem of a 3D arbitrary body 
m oving at a constant speed in regular sinusoidal w aves is developed  based on the 
assumption that the fluid surrounding the body is inviscid irrotational, hom ogeneous and 
incompressible. Therefore, a velocity potential must exist satisfying Laplace's equation and 
the respective boundary condition*. When linearization is considered permissib le  the 
harmonic motion ot the body becomes primarily important. In that case only the boundarx 
conditions for velocity potential remain Summarizing, the velocity potential must satisfy 
the following requirements.
1 -• Laplace's equation,
2 - the linearized tree surtace condition
3 the radiation condition.
4 sea bed condition, and
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5 - body surface kinematic condition.
The underlying assumptions are:
1 - the fluid is inviscid, incompressible and irrotational,
2- the surface tension may be neglected,
3- the free surface domain is infinitely large,
4 - the seabed is flat or infinitely deep, and
5 - the incident wave and resu lting  m otion responses  is suffic ien tly  small in 
amplitude.
By means of the velocity potential the fluid velocity vector v can be represented as 
v = V<D (2.1)
with
O = 0 ( x ,  t) (2 .2 )
where O  is velocity  potential sa tisfy ing the cond itions  m en tioned  above, x, t are 
respectively the position vector and time. The pressure p is determ ined  by Bem oullis  
equation
? = - ? ( %  + j  v ' v + P0 ) (2.3)
in which p is the fluid density, g is the gravitation acceleration and p is the atmospheric 
pressure which is assumed constant. In equation (2.3) and hereafter when the independent 
variables, x, y, z, t appear as subscripts, partial differentiation is indicated, i.e. <j>t -  dO'dt. 
etc.
1.1.2 C o -o r d in a t e  sy s tem s
In dealing with the 3D ship motion problem defined above, it will be convenient to 
consider three co-ordinate systems, one of these is the o-x0y()z0 co-ordinate system fixed in 
space in such a way that the o-x0y(l plane coincides with undisturbed free surface and o / (, 
is directed vertically upward, o-yo is chosen to make the system right handed. The other 0 
xyz is taken to be fixed in the ship, and in such a way that the origin, o, is at the point ot
intersection of the calm water surface, the longitudinal plane of symmetry and the vertical
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plane passing through the centre of gravity of the ship, the o-xy plane coinc ides with the 
undisturbed water surface when the ship is at rest, the o-xz plane coincides with the 
longitudinal plane of symmetry of the ship, o-x towards the bow and o-y to the port side. If 
the ship is moving in such a way that one may define average position around which the 
axes o-xyz fluctuate, this can be. denoted by the co-ordinate system o'-x'y'z' (see Fig.2.1) 
The aim of the ship motion theory is to fmd the mutual relationship o f these sets of c o ­
ordinate systems.
2 . i . 3  D ecompos it ion  of the veloci ty potent ia l
A total potentiai 0(x ,y ,z ,t)  exists which can be expressed in following form
O  (x,y,z,t) = I. (x,y,z,) - x + d) (x,y,z,t) (2.4:
where U is the forward speed of the body, U [  (J) (x,y,z) - x j  is<> , ,     the time independent
potential due to the steady forward motion of the floating body travelling in calm water with 
speed U and (j) (x,y,z,t) is the unsteady time dependent potential due to the body motion in
waives.
Since the incident wave and the resulting responses have been assumed sufficiently 
small in am plitude, the unsteady  motion problem  can be assum ed  to be a l inear 
superposition of the following boundary value problems as suggested by H a s k in d ^ :
1- the incident wave encountered by the body will be diffracted from it assuming 
the body is rigidly held in its fixed position. This is called the 'Diffraction Problem'.
2 as  soon its the incident waves are diffracted due to the presence of the body, it is 
assumed that the motion can be represented by the oscillation of this body in initial calm 
water with the same frequency as it encountered in the wave. The six degrees of rigid body 
motions can be further decomposed linearly. This is known its 'Radiation Problem ’.
I he total unsteady potential tor a sinusoidal wave excita tion  with encoun te r  
trequency, a\„ can thus be expressed its
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6i= l
( 2 . 5 )
where (j)0(x,y,z) is the incident wave potential representing the incident waves, OnLx.y./) is 
the diffraction potential representing the disturbance of the incident waves diffracted from 
the body, <{), (x,y,z), i = l ,2 ,...6 , are the radiation potentials due to oscillations of the body 
in calm water with unit amplitude in each of six degrees of freedom, i = l ,2— 6 represent 
surge, sway, heave, roll, pitch and yaw respectively and £i, i = l , 2,...6 are the appropriate 
amplitudes of the oscillation.
The incident wave potential is of the form
where co is wave frequency, a is the wave am plitude, k is the incident wave num ber. 
k=co2/g, and (3 is an arbitary heading angle (180° for head sea).
2.1.4 Boundary  co nd it ions
The nature of the boundary  value problem  under the fo reging  assum ptions  
described in section 2 . 1.1 imposes the following conditions which should be satisfied in 
fluid domain, on the free surface, the immersed surface of the body, a suitable cloMire at 
infinity and sea bed.
1, Laplace equation
(j) =  - .
0 co
icra  kz i( kxcosP  + kysinP  )
(2 .6 )
and the encounter frequency, coe, in Eqn.(2.5) is represented by 
coe = I co - Ukcosp I (2.7)
V 2(J) = () in fluid domain
2, Linear free surface condition
. , 2  d ~  d  ~
U — -  c() + g _  (j) = 0
d x 2 &/ on / - ( ) ( 2 . 1 0 )
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d d
( i(£)c+ U ^ -  )Z 0 4 g  — 0 = 0 on z=0 ( 2 . 1 1 )
for the zero forward speed
2 , d . n
-CO 0 + g 3 -  0 =  0
dz on z=0 (2 . 12)
3, Body boundary conditional
on S (2.13)
on S (2.14)
t?— 0. = -ico n + Um.
dn 1 0 1  1 on S (2.15)
where
( n l7 n2, n3) =n 
( 04, ns, ng) = r x n
with n the outward unit normal vector and r the position vector with respect to the origin of 
reference frame
( m ire,, m^ ) = - ( n -V) V(0  - x)
( m 4. my m 6 ) = ( n -V) [ rx  V(0 - x) |.
Salvesen, Tuck and Faltinsen '21 showed that the cross products of the steady perturbation 
potential 0 and the unsteady potential 0 are of higher order and 0 may be neglected in the 
computation of m, in above equation, this leads to
mj = 0 i=T ,2,3,4
1115= 113, m<s = - n2 (2.16)
4, Sea bed condition
For finite depth
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for z=-d (2.17)
and the infinite depth
for z (2.18)dz
where d is the depth of water.
5, Radiation condition at infinity
A radiation condition, w'hich states that wave energy flux is directed away from the 
body at infinity, must be satisfied. This restriction imposes a uniqueness for the solution of 
the boundary problem, which would not otherwise be presented. The radiation condition 
takes various mathematical forms depending on the nature of the velocity potential. The 
detailed discussions are given by J o h n ^ l  Newman!4!, and Wehausen and Laitonet5!.
2.1.5 Evaluat ion of  the h y dro dy n a m ic  forces
If the velocity potential <|) is known, the pressure on the body surface can be 
obtained by applying the Eqn.(2.4) to the Bem oullis’ equation, Eqn.(2.3), i.e.
p = - p [ ! -icoyj) + IJV ( <j) - x ) V d j e
in which the last two terms on the right bund side are time independent, the first of them is 
associated with wave making resistance and the lift, the second is the hydrostatic buoyancy 
force contribution. The other terms in Hqn.(2.19) are time dependent due to the factor
The linearized hydrodynamic pressure is obtained by disregarding higher order 
terms in p as well as terms involving cross products of (J) and d from the time dependent 
terms in Eqn.(2.19), as follows
(2.19)
+ — ( V d e ) + — 1.1 1 V ( d x ' P  + P£zI(0d ,2 1 .2 , "  .2\  i t i r '  /  a  ... \
e-itoct gjve tQ unsteac|y forces.
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d , -i<*V
p = -p [ icoc U - ^ - j ^ e  , (2 .20 ;
Since the oscillation displacement is assumed small, the total oscillation force and moment 
on the body can be obtained by integrating the pressure(2 .20 ) ( ignoring the time factor 
e-ia)ct) over the mean wetted body surface instead of the instaneous wetted surface, thus
H, = JJ pnids
s . (2 .21 )
By substituting Eqn.(2.5) to Eqn.(2..21), the total force, H ;, can be divided into the 
wave exciting force, Fj, and the motion induced forces, Ei, i.e.
Hi = Fi + Ej f 2.22)
and the wave exciting force can be further divided into the incident wave part, Fj°, and the 
diffraction part, Fj°, so that
F . = E  + F  = .. J J  n. ( j(0c + X  <t>0 + <f>n ) ds (2.23)
with
F1. = - J J  n. ( iwp + I J ^ -  ) <j>nds (2.24)
dx o
and
F  = - J J  n. ( iw. + u | -  ) <t>0ds (2.25)
s
The motion induced force is
f f d v ^ ,E , = J J n, (i0\ - + u a 7 1X ds • 2.26)
Since the derivative in Eqn.(2.26) is not easy to deal with, the following form which is
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derived from the Stokes' theorem has been suggested by Salveserf21.
n. u i -  (j) ds = U f j* m. (j) ds - U J  n. 0 dl ( 2 . 27 ;
s s
where <t> is any differentiable scalar function, Co is the intersection of the body surface and 
the free surface.
In accordance with classical linear gravity wave theory, the potential for the incident 
wave, Eqn (2.6), is introduced in the expression for the incident wave part of exciting 
force Eqn.(2.24) and gives
This is well known Froude-Krylov force which is independent o f  the forward speed.
By applying the Stokes' theorem, Eqn.(2.27), to Eqn.(2.25), the diffraction p an  of
the wave exciting force can be expressed as
(2.28.,;
and Eqn.(2.7) reduces this to
(2.29)s
( i CO II. -f l Tm ] ) <dd ds - pU n. <J>n ds.
(2.30)s C,
1 he motion induced forces on moments, Eqn.(2.26) can be rewritten as
The terms Ay and By are added mass and dam ping coefficients respectively. The 
subscript ij denotes jth mode o f motion induced ith mode of added mass and dam ping 
coefficient. Furthermore, Ay and By can be expressed as the following form by extending 
E qn .(2.32).
A.. = - — Im [ | |  n. <j>. ds ] + Re [ | |  m. (j). ds ] - Re [ |  n. dl ]
co
By = p Re [ J J  n j y  ds ] + JtH. Im [ J J  m. $. ds ] - —  Im [ J  n. dl ]
c CO c ^  n
(2.33)
2.1.6 H ask in d  re lat ionsh ip
In terms of Eqn.(2.29)-(2.30), the wave exciting forces can be obtained by direct 
integral of incident and diffraction wave potential over the mean wetted body surface. This 
is the so called direct integration method. There is an indirect w ay to do it by using 
'Haskind relationship'.
For any two functions <j>A and <j>B satisfying the same Laplace equations, the free 
surface condition, the radiation condition and the sea bed condition, from Green's second 
identity
j/ V* <j> ) dv =
SI-' A ))n B 3n
ds (2 .34
it can be found that
u
SI-'
ds =
SI-
(2 .33)
This is the so called 'Haskind relationship' Since this relationship is also valid for the two 
dimensional case, it can be applied to both the surface integral and the line integral in 
Eqn.(2.23), so that the wave exciting force can be written b\ m eans of the boundar\
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condition (2.15) as following 
Otjr
s
F i = - p j j T 5 T ( *o + * D ) ds = - p J J ( i 5 r * . . " s r
) ds '2 .36 ;
Here the boundary condition, 3(j),/3n = - 3(J)o/3n, Eqn.(2.14) has been used.
The use of 'Haskind relationship ' enable to the total w ave exciting  forces or 
moments acting on a ship to be determined from the velocity potential associated with the 
forced oscillation of the ship in calm water without recourse to the diffraction problem. 
However, the results obtained by the two approaches are completely equivalent.
2.1.7 Evaluat ion of  motion
Under the assumptions that the responses are linear and harm onic , the six linear 
coupled differential equations of motion can be written in following form
6
^  = F. for i= l ,2 , . . .6 .  (2 .37)
6 r
co2 ( M.. + A.. ) - ico B . + C
G 0 iJ e ij ij
where M q  is the generalized mass matrix for the ship, A q ,  Bq ,  and C q  are added mass, 
dam ping and restoring force m atrices respectively, ^  is com plex  am plitude o f the 
responses motion in each of six degrees of freedom, and Fj is the com plex  am plitude of 
wave exciting force.
If it is assumed that the ship has lateral symmetry and the centre of gravity is located 
at (0 ,0 ,z j ,  then the generalized mass matrix has the form of
M  ] =  a
M 0 0 0 MzC 0
0 M 0 -MzC 0 0
0 0 M 0 0 0
0 -MxC 0 ^44 0 ‘*46
Mx 0 0 0 0
0 0 0 _I64 0 <66
(2.38)
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where M is the mass of the ship, Iu is the moment of inertia in ith mode and l l} are the 
products of inertia. The inertia terms are with respect to co-ordinate system  shown in 
Fig.2.1. The only product of inertia which appears is I46, the roll-yaw product, which 
vanishes if the ship has fore-aft symmetry The other nondiagonal elements all vanish if the 
origin of the co-ordinate system coincides with the centre of gravity of the ship. However, 
it is frequently more convenient to take the origin in the water plane, in wrhich case. zc is 
not equal to zero.
For ship with lateral symmetry it also follows that the added mass and dam ping 
matrices are
and
A n 0 A ^ 0 A 15 0
0 ^ 2 2 0 ^ 2 4 0 A  26
a 3] 0 ^ 3 3 0 ^ 3 5 0
I A.. ] =ij 0 A 42 0 A m44 0 A , ,46
A 51 0 A 53 0 A 55 0
0 A  62 0 A  64 0 A  66
" B1 > 0 B 13 0 ' 4 o ’
0 &Z2 0 *>4 0 *>6
0 ^ 3 0 A , 0
1 R J =
ij 0 B12 0 B44 0 4 (>
BS 1 0 B53 0 0
0 B6 2 0 B64 0 V
F u r t h e r m o r e ,  f o r ; s h i p in t h e T ee  s u r t a c e  t h e l i n e a r
(2.39)
(2.40''
' i n g  c o e f f i c i e n t
m a t r i x  is
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0 0 0 0 0 0
0 0 0 0 0 f)
0 0 Aw 0 -M W 0
0 0 0 VGM j 0 0
0 0 -Mw 0 v g m l 0
0 0 0 0 0 0
where A w is the waterplane area, M w is the m om ent of waterplane, V is the displacement 
of ship, G M j  is the transverse metacentric height and GM u is the longitudinal metacentric 
height.
If all those matrices are substituted in equation (2.37), it is seen that for ship with 
lateral symmetry, the six coupled equations of m otion reduce to two sets of coupled  
equations: a set of three coupled equations for surge, heave and pitch and .mother set of 
three coupled equations for sway, roll and yaw. Thus, for a ship with lateral sym m etry, 
surge, heave and pitch are not coupled with sway, roll and yaw.
With the present method, the added mass, dam ping and wave exciting force terms 
are yielded from the 3D diffraction theory. From a know ledge of these hydrodynam ic 
coefficients , the equations of motion (2.37) can be solved for ship responses  c,, 
( m l , 2 , . . .6 ).
The motion equations described above only contain the potential terms and viscous 
effect is not included in the prediction of motion. In some cases, such as the roll responses 
ot m ono hull ships, and the heave and pitch  m o tio n s  o f  S W A T H  sh ips  or 
semisubmersibles, the viscous effect is significant. In fact, the viscous forces are nonlinear 
and not readily amenable to com putation , even in relatively sim ple conf igura tion .  
Consequently, it hits been found to be necessary to introduce equivalent, i.e.
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6^  [ - co2 (ML + A..) - ico (B.. + B ) + C.. j
X m U  e 11 11 e t) V,J t) i
J=1 (2.42)
F + F i — 1 9 fy
1 V i
where Bvij is an equivalent linear damping matrix and Fvj is viscous wave exciting forces. 
Both of them can be determined by empirical or semi-empirical method, which will be 
discussed in Chapter 4.
2.2 The Solution of the Boundary  Value Problem  
and the Singulari ty Distribution Method
There are many techniques which may be considered for obtaining the solution of 
the boundary value problem formulated in previous sections for arbitrary 3D bodies. Quite 
comprehensive reviews in this field have been made by Shen*6*, Mei*7* and Y e u n g '8*. In 
order to choose a suitable method for the present problem, it is necessary to have a brief 
view of several major techniques and their advantages and disadvantages.
One widely used method is finite element technique which has successfully used in 
structural analysis for many years, but only recently is introduced into hydrodynamic field. 
The finite element method is based on the variational principle. In order to solve the 
boundary value problem and determine the velocity potential, the whole fluid domain is 
described by a number of finite elements and the velocity potential within each element may 
be approximated by a sei of polynomial trial functions which are ultimately chosen to 
satisfy the required boundary conditions. As reviewed by Yeung*8*, this technique can be 
satisfactorily used to mlve the problem where the fluid domain is restricted, for example, in 
canals, harbours, even tor the interior flow problem like oil sloshing in the tank which isina 
seaway. But it is faced with the difficulty of imposing tin effective open boundary problem 
because of large number ol elements required. There are some variations on this method to 
overcome this problem I he hybrid method described by Bai and Yeung[9] combines finite 
element idealization close to the body with an analytic solution away from the body where 
the boundaries are simple. The infinite element m ethod of Bettess*10* divides the fluid 
domain into two parts, the finite elements are used in the inner region which is close to the
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body and the infinite element in the outer region. The idea of the both methods is to reduce 
the number of elements required for the open boundary problem.
Alternatively, the boundary integral or singularity distribution method is another in 
which to make use of Green's identity to reduce the 3D potential flow problem to a 2D 
boundary surface problem. It generally involves distributing singularities (sources, dipoles 
or source-dipoles) over the body surface and using Green's theorem to obtain an integral 
equation for the strength of these surface singularities to satisfy the body boundary 
condition. The velocity potential associated with the singularity satisfies all the boundary 
conditions except the one on the body surface which is used to determine the strength of the 
singularities. Integral equations for the velocity potential can generally be derived from 
Green's identity in order to satisfy the body surface condition. So this approach needs to 
solve a Fredholm integral equation with a complicated kernel function. In order to avoid 
this problem a small departure from tradition was made by YeungDl which utilizes only the 
fundamental source function (1/R in 3D case). However, since the fundamental source 
function does not satisfy any of the required boundary conditions the sources must be 
distributed over the fluid boundaries,the strengths are chosen to meet these boundary 
conditions. Like the finite element method this approach is particularly useful for the 
problems where the fluid domain is restricted or seabed is not flat. But for the problem with 
open water, this method not efficient.
In the current study, ships on the surface of infinite fluid is of primary interest, so 
the singularity distribution method in its basic form will be used.
There are at least three different way to formulate the Fredholm integral equations in 
the singularity distribution method:
1. source and dipole distribution by the second kind of integral equation,
2 . source distribution by the second kind of integral equation, and
3. dipole distribution by the first kind of integral equation.
For the convenience ot discussion, the three different distribution methods will
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firstly be formulated for each case at zero forward speed, then they will be modified to take 
into account of forward speed.
2.2.1 Source -d ipo le  distr ibut ion  method
Apply Green's second identity to the exterior flow
a c  (P,Q) a<t> G (P,Q) J ds (Q)
5n0
S|; ' • (2.43)
= J  j J  I <P (Q1 Vq G (P,Q) - G (P.Q) Vy $ ] dv
V
where Green's function, G (P.Q). represents the potential at field point P (x ,y ./)  due to 
source of strength 4n  at point Q (£,T|>C J
G (x,y,z; = 1/R + G* (x,y,z: (2.44)
where
V 2 G*(x,y,z; = 0 in V
R 2 = (x4Q2 + (y-ri)2 + (z -Q 2,
SF represents all the boundary surface, that is. body surface, surface at infinity, bottom 
surface and control surface around point P. V isthe volume surrounded by SF, as shown in 
lug.2.2. d is the unknown velocity potential which also satisfies the Laplace equation V 2b 
-  0, in volume V, but it should be noted that G is not a harm onic function at point 
Q (g ,q .O ,  so
2 t-,2.1 .. - 2 e /() 0
('r ) = (----------- " V 1 l°°  (2.45)
R(R+ e) V
If a small sphere isolating the singularity for the case of P in V or a small hemisphere for 
the case ot P on SI is used then G is harmonic outside this isolated region and the volume 
integral ot qV 2G gives, in limit as the radius of the sphere, r, approaches zero,
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JJJ <t> V G dv -  lim 0 (P)e-*-n J0
2 e
R ( R + e V
4k R dr
2 .4 6 )
-4k  (J) (P) for P in
-271 (j) (P) for P on S
0 for P outside VIJS
Substituting E qn .(2.46) into Eqn.(2.44), the principle value integral yields the basic 
integral equation of the method
j j
SF
d (Q)
3G (P ,Q ) 3(j)
3m 3n
-471 0 (P) for p outside S L S ( 
G(P,Q) 1 ds(Q) = \  '2 k  W’P) for P . on s
Q 0 for p inside S L S
(2 .47)
for the case o f the body floating on the free surface without forward speed, the surface 
integrals over free surface, the surface at infinity and bottom do not give any contribution, 
G and (J) satisfy the same boundary condition on those surfaces, so putting those conditions 
into Eqn.(2.47), it can be found the integral terms cancel each other on those surfaces and 
the Eqn.(2.47) reduces to
r r  rv  3a (  <P(Pl for P outside SLS
I I 1 0 (Q)-dC!(P :Q2  . f t  G(P,Q) 1 ds(Q) = { 0(P) for P on S •
J J  3n 3nn  0 tor P inside S I SS 0  Q V 1'
: is
where Sq is the wateiplane area of the floating body w  /cro for submerged L uL
Let P on the body surface S and make use of body boundary condition. Eqm. 2. 14 ; 
and (2.15). the equation can be rewritten as
2 i t o  (P> + J J $ ( 0 ) 2 2 2 2 1  ds(Q) 
s ^
i 2 .46 •
JJv,.(Q)G(P,0)ds(Q)
s
where vn is the normal component of the velocity ot' the body surface and equal to inyn 
for i=l,2,...6  at zero forward speed or - 3d(y'3n for d i tbaction  potential.
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This is so called source-dipole distribution of second kind of integral equation.
It should be noted that the Eqn.(2.49) is only valid for a body without forward 
speed otherwise the integral over the free surface would not vanish.
This method has been discussed from a strict mathematical point of view by J o h n ^
method (Zienkiewicz et al P 1!).
2.2.2 So ur ce  d is tr ibut io n  method
In the E qn.(2.48) the potential b is only dealt with outside the volum e V' which is
and b outside V ’ is of physically  interest. For the conven ience  of the so lution , a 
complementary interior problem can also be formulated similarly. Let b'(P) be a solution of 
3D Laplace equation for P' inside V' which is an artificial potential without any physical 
meaning. If b' satisfies the free surface condition, a s imilar expression is obtained from 
Green's identity by keeping the same sign of n.
and is called Green's integral equation method (M ei^ l)  or direct boundary integral equation
enclosed by the body surface S and the waterplane area Sq. It is term ed exterior problem
JJ I ( 0 ' (Q) 3 G (P ',Q )  3b- _ 1 _ G ( P ’,Q) J d s ( Q )
QS
3n^  3n
(2.50)
=  0 for P' outside S U S 0 •
Subtracting Eqn.(2.50) from Eqn.(2.48) gives
s (2.51)
= -4tt b (P) for P outside SUS o'
If the definitions are made for
where \jf is termed the dipole strength and a  is termed the source strength. The velocity 
potential in E qn.(2 51) is represented by source and dipole distribution over the body 
surface, but it involves the interior potential terms. This kind of integral equation is 
therefore not used as com m only  as Eqn.(2.49) which is sim pler and m oves straight 
forward. The use of the artificial; interior potential is only for convenience of the solution 
by other kind of singularity distributions.
Furthermore, if the specification
¥  = (j>(Q) - (J) (Q) -  0 for Q on S (2.54)
is made, then the potential can be represented by the source distribution with the density 
g (Q) on the surface S.
J J * a ( Q ) G (P ,Q )d s ( Q )  = 47t 0 (P) for P outside SU S0 (2.55)
s
The unknow n source density a  can be found by im posing the body boundary 
condition, Eqn.(2.14) and (2.15), and it gives
1 I f f  3G (P,Q )
o(P )  + —  g (Q) — ds( Q)  -  v for P on S. (2.56)
2 4 j r J J  dn "
The first term  of E qn .(2.56) represents the contribution of local source strength to the 
normal velocity since dG/dn becomes singular as P approaches to Q. This is the two 
dimensional Fredholm integral equation of second kind which cart be solved b \  \artous 
methods.
This d istribution is related to that of the mixed distribution, E qn .(2.49). by a 
similarity transform ation . It is the version used in most studies, such as F ran k 112', 
Garrison and R a o ^ f  Faltinsen and Michelsen^ 14f  Ing(is and Price^15l
2.2.3 Dipole  dis tr ibut ion  method
If the specification is made in another way, i.e.
c t ^<*KQ) a j ( Q ) = 0  Q on SI I So. 12.57;
dn dn
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then the potential in Eqn.(2.51) is represented only by dipole distribution with the density 
\j/ on the body surface So.
J J  V (Q) — -  ds (Q) -  - 4t: (j) (P) for P outside SUSo. (2.58)
s Q
For the case <f)n = (j)'n = n 3, <j>'(P) = Uz, and so on for the case o f  o ther rigid body 
motions. Eatock T ay lor has found (j)' for the rectangular box. For an arbitrary  <j)n this 
procedure breaks dow n since (j)' is unknown, but from Eqn.(2.58), one can get
[  [  v  (P) ds(Q) = - 4; r ^ - 2 . P o n S  (2.59)
JJ 3np3nQ anp
This is a Fredholm  equation o f the first kind. Once \|/ is found, (J) follows from  Eqn.(2.58) 
by quadrature. This  m ethod  has been applied by Pien^16! and C hang  and Pien^17  ^ to 
submerged bodies. Com pared with second kind o f Fredholm  equation (2.48) and (2.56), 
the first kind o f  Fredholm  equation(2.59) is much less am enable  to itera tive solution, 
because its dom inant is off the diagonal. Y e u n g ^  pointed out that for the cases that for 
which Eqn.(2.58) can be used, the dipole distribution m ethod  can be 50%  m ore efficient 
than the other two distributions because it only needs the evaluation of 3G/3n, not both G 
and 3G/3n. If E q n .(2.59) is used for the case o f arbitrary  <|>n , it resu lts  in second 
derivatives of G reen’s function, which compounds the already difficult task of evaluating a 
highly oscillatory Green's function.
2.2.4 Inf lue nc e of  fo rward  speed
The fundamental integral equations of singularity distribution methods in previous 
Sections were derived for a body without forward speed. The zero speed  free surface 
boundary condition, Eqn.(2.12), was used to simplify the integrals over the free surface. 
When a body moving forward in the free surface, the velocity potential must satisfy the free 
surface condition which is speed dependent, Eqn.(2.11). The basic equation o f the method 
must therefore be modified to account for the influence of forward speed. Brard^18! has 
given a result, equivalent to Eqn.(2.49), for a body moving with forward speed in the free 
surface, i.e.
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=  -  4 k  (j) (P) for P outside SU S0>
the
where and a  are^strength of dipole and source respectively as defined by Eqn.(2.52) and 
(2 .53), and contour Co is the intersection of the body surface and m ean calm  water surface.
Brard treated the term 3\j//3x by letting a point on the contour Co with t to be a unit 
vector tangential to Cq in the positive direction and t  = t x n, x is tangential to the body 
surface S and normal to contour Co- cxt = cos(t,x), otx = cos( t,x )  and a n = cos(n,x), so
, | V a  (2 .61)
d x  dt 1 d z  t  dn n
Noting a n = ni, the Eqn.(2.60) becomes
f ( \  3G  U 2 f  3G  3\i/J J ( v _ _ a G ) ds J (M/ _ . G t x _ . G T + G n x a ) d y
s c 0
= - 4tc <|)(P) for P outside S U S 0
(2 .62)
Here the potential is in general form and represented by source and dipole distribution. 
Eqn.(2.62) is the extension of Eqn.(2.49). If \\f or a  are set to be zero as in the zero speed 
case, Eqn.(2.62) reduces to source or dipole distribution.
In the usual approach, the solution is found to ship m otion p rob lem  using  only 
sources in order to have same kind o f distribution both in the surface integral and line 
integral, i.e. by letting \y = 0 on S, Eqn.(2.62) reduces to
2JJ a  ^  ^  + ~  J a  (Q) G (P ’Q) n T dy = - 47t (j) (PX (2 .63)
c
This kind o f source distribution m ethod  with fo rw ard  speed  effec t  has been
examined by C hangf19!, inglis and P r ic e ^ 5l  Taking the normal directional derivative o f (J) 
in Eqn.(2.63) on the body surface S and applying the boundary  condition, Eqn.(2 .15), 
yields the following integral equation for a .
The first term of E qn.(2.64) represents the contribution of local source density to the local 
normal velocity since 3G/5n becomes singular as P approaches Q.
The dipole distribution could used instead of, or as well as, a source distribution. 
However, if a source distribution is used the contribution from line integral is much smaller 
than if  a dipole distribution were used, i.e. letting a = 0  in E q n .(2.62). In view of the 
simplification that will be needed  to evaluate the line integral, the source distribution 
method may be more accurate.
In deriving E qn.(2.62) and (2.63), it has been assum ed that a linear body surface 
boundary condition is valid. This assumption is suspect for a bluff body m oving  in free 
surface and so the method can no longer be applied to arbitrary bodies with forward speed. 
The body must be thin or flat for the method to give accurate results.
2.3 Irregu lar  F requency
2.3.1 O ccu rr en ce  o f  i rregular  f req uency
The integral equation methods by source, dipole or source-dipole distributions are 
all plagued by the presence of irregular frequencies when the body is surface piercing. This 
was first pointed out by J o h n ^  in the context of source distribution method. John showed 
that the integral equation by source, E qn .(2.56) can be approxim ated  by a set o f  the 
s im ultaneous l inear a lgebraic  equa tions  w hich  can be so lved  by m atrix  inversion. 
However, the integral equation fails to produce solutions at certain frequencies associated 
with the resonance of interior flow. At these frequencies, called irregular frequencies or
= Vn
(2.64)
eigenfrequencies, the determ inant of the kernel matrix becomes singular. In practice , 
however, the matrix is never completely singular due to rounding errors in the numerical 
procedure and the solution is ill conditioned
John poin ted  out that the irregular frequencies are the solutions o f interior 
eigenvalue problem defined by the set of equations for source distribution at zero forward 
speed.
V 2 <J>' -  0 in V ’
i  3(b'
- to2 + g = 0 on S0 , (2.65)
<t>' = 0 on S
where the interior velocity potential <j>' defined in the region V' inside the body with a 
surface S and waterplane So- as shown in Fig.2.2.
The solution of such equations, however, is  o n l y  a v a i l a b l e  f o r  s o m e  s i m p l e  
geometries, such as boxes, circular or triangular cylinders. The solution for a box was 
given by Eatock Taylor^20! as follows
x 1 y 1
<j>' = sin [ p7t ( — - - )  1 sin [ nm  ( — - -  ) 1 sin [ y  ( z + T )1
for -L/2 < x < L/2, -B/2 < y < B/2 and -T < z < 0, where L, B, T are length, beam, and 
draught of the box respectively.
The irregular frequencies occur at
(Dpm = [  g yco th  yT ] 2 (2.66)
with
2 p, m = 1,2 ,...
For an arbitrary 3D body, there are no exact solution available, but a semi-empirical 
formula given by Wu and Price^21' may be used to predict irregular frequencies. This
Y =
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formula make use of equivalent box approximation for the prediction. 
=  [  gy c o t h yre]2pm
with
Y =
where
L = B (6 )“ ■ L, B = P ( p j “2 B, T =  — - -
e  Ki vro e r 2 r 0 e L B
(2.67)
are equivalent length, beam and draught of the body respectively with
L
a i ~  2 V
1 L  + B
B
a  = ------------
2 2 2 
L + B
P 0 ( C w )  ’ P ]  ( C c )  ’ P 2 ’
where V is the d isplacement, C w = A w /L B , C m= A m/B T  and C c=A c/L T are w aterplane, 
midsection and central longitudinal section coefficients with Aw, A m and Ac the relevant 
plane area. The correction coefficients are expressed as
C = — C = 0 v  1 1 + 6 S ln(p) A, c2=
.L -B  ,
1 + ' ln(m)
In their limiting case, the Eqn.(2.67) reduces to the Eqn.(2.66) for the solutions of a box, 
otherwise it approximates solutions.
It can be considered  that the integral equation  by source-d ipo le  d is tr ibu tion , 
Eqn.(2.49) derived directly from Green's identity is more general in the sense of that no 
assumption about the interior flow has been made. How ever, M e i ^  and Shin^22' have 
proven that this alternative form of integral equation also has the same difficulty at those 
irregular frequencies of the interior Dirichlet problem. Both source, Eqn(2.56), and source- 
dipole, Eqn.(2.49), distributions have the same irregular frequencies since the kernel of 
one integral equation is transferable from the other. Furtherm ore , a subtle d istinction
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between the two integral equations is that the inhomogeneous term of the source-dipole 
distribution equation is orthogonal to the interior e igensolution at these frequencies, 
whereas that of the source distribution equation is generally not. Delves and W a l s h ^  have 
shown that the source-dipole distribution m ethod  actually has a solution, though not 
unique, w hereas  source d is tribution m ethod  has none. N e ither  s i tuation  is entire ly  
desirable.
For the dipole distribution method, the reason for the irregular frequencies is the 
same as the source method, but the irregular frequencies in the dipole distribution don’t 
generally coincide with those of the source distribution as discussed by Chertockt24l
2.3.2 Avoiding of irregular frequency
Several ways devoted to prevent the occurrence o f  irregular frequencies can be 
found from the literature by Ursellt25^ 26], Faltinsent27 ,^ O hm atsut28 ,^ Soding^29^ Soding 
and Lee^30], Ogilvie and S h i n ^ ,  M e i ^ ,  and Sclavounos and Lee^32]. The Sclavounos and 
Lee m ethod is suitable for 3D ship motion problem  with zero speed and appears to give 
reasonable good results. T heir theory originally com es from  the m ethod  of Burton and 
Miller^33! in an acoustic problem. It depends on the fact that irregular frequencies for the 
second kind integral equation by source-dipole distribution do not coincide with those of 
the first kind one by dipole distribution. Actually their formulation is a linear combination of 
those two distributions, but it involves the second order derivative o f Green's function.
In the results presented in the thesis,no attempt has been m ade to avoid irregular 
frequencies since for ship shaped bodies they are often a high frequency phenom enon, the 
most of interesting frequency range is under the first irregular frequency. Even when the 
irregular frequency occurs, its influence only appears within a very narrow bandwidth at 
each irregular frequency. It is easy for them to be distinguished and removed. If how ever 
the method is extended to calculate the hydrodynamic properties associated with flexible 
bodies in which the higher frequency range is needed then som e avoidance procedure 
would be necessary.
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2.4 Use of source distribution method
To decide which m ethod will be used in the present study, the com parison am ong 
the methods discussed above will be concluded first.
1, The source and source-dipole distribution methods involves the same am ount of 
computational effort (G and 9G/3n), since (J), being proportional to the pressure, is the 
desired quantity. Actually, the source-dipole distribution m ethod  has a slight advantage 
over the source one because it can solve for ({) directly. The dipole distribution method may 
be more efficient (only 3G/3n needed) than the other two if (j)' is know n, but for arbitrary 
(})' it needs the second derivatives of Green's function which may eliminate its advantage.
2, Both the source and source-dipole d is tribution m ethods  g ive the F redho lm  
integral equation o f second kind which is diagonally  dom inant in the matrix equation and 
much more amenable to iterative solutions than the dipole one with the Fredholm  integral 
equation of the first kind, which is dominant off the diagonal of the matrix equation.
3, All three distributions are subject to irregular frequencies.
4, For the non-zero  speed case, the source d is tribu tion  has the sam e fo rm  of 
distribution in the surface and contour integral, so it is simpler and m ore straightforward 
than the other two.
Considering the above distribution methods, the source distribution m ethod  is the 
one which has m ore advantages at present especially for the forward speed case and also 
considerable numerical experience has been accumulated in the past. Therefore, it is used in 
the present study.
The other two distributions m ay have their advantages in other cases. As mentioned 
earlier, the dipole distribution with first kind o f integral equation may be more efficient than 
the other two if  (J)' can be found. The linear com bination o f the second kind o f integral 
equation from the source-dipole distribution with the first kind of integral equation from the dipole
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distribution can eliminate the irregular frequencies. But these are not part of this study.
2.5 Solution by Source Distribution Method
2.5.1 G re e n ’s functions
The G reen 's  func tion ,o r source potential,  is fundam en ta l  to the s ingularity  
methods. A collection of appropriate formula for this function can be found in the well 
know n paper by W ehausen  and L a i t o n e ^  in various cases involving a ideal fluid, a 
linearized free surface, and a fluid domain which is otherwise unbounded except by a fixed 
horizontal bottom at a finite depth beneath the free surface. If  attention is restricted to the 
conventional point source beneath a free surface, a sum m ary can be m ade in various time 
dependence including:
1, oscillatory motion,
2 , steady translation,
3, combined oscillatory motion with steady translation, and
4, transient motion with source strength described by a step or delta function.
Each of them has four different conditions, that is, two and three dimensions, finite 
and infinite depth. From this list alone there are 16 cases.
Nor will the list above satisfy every need. For example, in num erical techniques 
where the free surface Green's function is em ployed on a matching boundary, m axim um  
efficiency is achieved by choosing a special Green's function which satisfies an appropriate 
boundary condition on that boundary. In the present study, the problem of a body moving 
in regular waves, the interesting cases are 1 and 2. Table 2.1 gives the general formula of 
Green's functions for 3D. Actually, in the limiting case (3) reduces to case (1) by the 
forward speed approaching zero and case (2 ) approaches ( 1) if  the oscillating frequency 
approaches to zero. On the other hand, if the oscillating frequency in case (1) approaches 
zero or infinity it gives the two different Green 's functions for rigid wall free surface 
condition which are shown in Table 2.1 as well. The point source in case (1) is called a 
pulsating source and in case (3) is called a translating and pulsating source.
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Table 2.1 Green's Functions
N am e F re e  S u r f a c e
--------- ---
S e a  B e d
C o n d i t io n C o n d i t io n
Pulsating
Source
, i  d 2
Tanslating and ( i to + U ■
+ g5-<t,=°
F u n c tio n
G = — + —  + —  J d9 [ dm F (9, m)
R R -  J  J
Infinite Depth j
a
0 0 
2
—  J  d9 J" dm F (9, m) + J  d9 J  dm  F (9, m)
n  Lj 
2
w h e re  x =  coU /g <  0 .2 5  y  =  0
x > 0 .2 5  y  =  c o s 1 [ l / ( 4 x ) J
F (9, m) =
;xp m [z + ^ - i (x - ^) cos9 ]J cos[m  ty - r j ) sin9 J
gm - (co - m U cos9)
Pulsating Infinite Depth
“  uY
G = i  4 _L  + 2k f do —  Jn (nX ) + 1 2k ek(z + 0  J0 (X)
R R' J -o - 1 0 0
0
Source a^♦  = 0
on z = - o»
i
W h e re  X = k£(x - ^)2 + (y - T|) j
Y = ktz - 0
1 t M \) -  k) e' ” d cosh t)(^ + d) cosh t)(z + d) Jq (m ) d\)
Finite Depth
O — — 1 “—7 1 2 1 — 1
R R J v  sinh nd  - k cosh ud
Pulsating
Source
1 * a° i* - o r  d + a —  = 0 
 ^ dz
a
-=r— <!> = ()
dz
on z = - d
2rx(u; - kD cosh p(£ + d) cosh |i(z  + d)
+ i -----:--------------------- ------------------------— J0 IM-t)
(i'd  - k d + k 
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2.5.2 Solution by translating and pulsating source
W hen the body is moving in regular waves, the source potential should satisfy the 
speed dependent free surface condition, Eqn.(2.11), which can be rewritten as
u  7 i + 2 l ( 0e a 7 - ^ ^  + g a 7 = o .  (2 .68)
dx
Such a source potential is obtained by a translating and pulsating source which includes the 
combined effects from oscillatory motion and steady translation. Its form is listed in Table 
2.1. By m eans o f the translating and pulsating source and the body boundary condition 
Eqn.(2.13)-(2.15), the source distribution integral equation (2.64) can be solved directly 
for the velocity potential <J). Consequently, all other results, such as forces and motion 
responses of the ship, can be obtained.
This approach has been used by Changt19 ,^ Inglis and Price^15l  Good agreement 
with experimental results has been achieved, but a translating and pulsating source requires 
a considerable am ount of computational effort, which restricts its use, since the efficient 
way to evaluate its Green's function involves a double integral has faced a difficult task. 
There are several ways to evaluate such a double integral. Inglis^34  ^divided the integral into 
two parts with respect to x>0.25 or x<0.25. For the case of x<0.25, the integral can be 
reduced to the single integral, but when x>0.25, the double integral is still necessary. 
Unfortunally, the case o f x>0.25 is of practical interest. Guevel and Bougist35 ,^ W u and 
Eatock Taylor^36! introduced two alternative forms of this G reen’s function which only 
contain a single integral involving an exponential function. Their approaches have a better 
numerical perform ance than the form given by Inglis and Price, but is still very expensive 
since the com plex  exponential function must be evaluated by a series expansion or an 
asymptotic expansion  at every step of the num erical integral. In order to reduce the 
computing cost, an alternative method was suggested by Salvesen, Tuck and Faltinsen, 
refered to as the simplified approach by a pulsating source.
2.5.3 Solution by pulsating source
To simplify the problem and use the pulsating source, some assumptions must be 
made: - that the ship hull is thin or flat, that the forward speed is low and the oscillatory 
frequency is high, thus the boundary conditions of the problem become
- 4 2 -
on S (2.69)
with
m, = 0
m 5= n 3, m6 = - n2
and
on S. (2.70)
The forward speed free surface condition Eqn.(2.68) reduces to
on z=0 (2.71)
This is equivalent to the zero speed free surface boundary condition Eqn.(2.12) with the 
wave frequency co replaced by encounter frequency (Oe , so the pulsating source is valid.
Under the above assumptions, It has been suggested that the contour integral can be 
neglected since its effect is small. The only speed dependent boundary condition is now 
Eqn.(2 .69).  Substitu ting Eqn.(2.69) into integral equation (2.64), Salvesen  et a l J 2  ^
show ed that the speed dependent velocity potential can be expressed in terms o f the 
correspondent zero speed velocity potential. Thus
where dj°, i= l,2 ,.. .6 , denotes the correspondent zero speed velocity potential. Introducing 
Eqn.(2,72) to Eqn(2.33) gives the speed dependent added mass and dam ping coefficients 
expressed in terms of the correspondent zero speed coefficients. These formula are listed in
In present study the pulsating source is used. Although the translating and pulsating
i = 1,2,3,4
(2.72)
Table 2.2
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source gives a better descrip tion  o f the problem , it required  a considerable am ount of 
com putational effort (an order higher than the pulsating source ) w hich restric ts its use. 
W ith the com puter facility  in the U niversity w hen the program  was developed, i.e. ICL 
2988, the translating and pulsating source was im possible to use because o f the huge CPU 
time required  for this m ethod. The pulsating source is com putationally m uch cheaper. A 
considerable am ount o f successful num erical solutions has been achieved by previous 
investigators and reasonab le  agreem ent they achieved w ith experim ental resu lts was 
encouraging. Finally, the greater part of the program  based on the pulsating source m ethod 
is com patible w ith the translating and pulsating source m ethod. As long as the translating 
and pu lsa ting  source can be evaluated  efficien tly  or a new  m ore pow erfu l com puter 
becom es available, rep lacing  the pulsating source with a translating and pulsating source 
w ould u pgrade  the  p rog ram  im m ediately . F or th is reason , the con to u r in teg ra l in 
E qn.(2.64) is kept in the program , although its effect is sm all w ith the pulsating source 
method, since it m ay not be negligible when the translating and pulsating source is used.
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CHAPT ER THREE
NU M ER IC A L PROCEDUR E
A s described  in C hapter 2, several singularity  d istribu tion  m ethods have been 
stud ied  and som e o f them  have been developed  into pow erfu l tools fo r eng ineering  
applications in predicting m otion responses and wave loads for ships or offshore structures 
inaseaway. U ntil recently, the 2D strip theory is still the m ost universally used technique in 
practical applications. The restriction on the use o f 3D theory is the large com puting time 
and m em ory space required  for it. Im proving the num erical efficiency o f 3D theory  is 
im portan t fo r p ractical purposes. In this chapter, a m odified  num erical procedure is 
in troduced based on the traditional procedure em ployed by m ost previous authors, 
such as G arrison and Michelsen*1', Shin*2' and Inglis*3' etc. The m odified procedure makes 
use o f the sym m etric property o f Green's function and its derivatives. The com parison with 
the trad itional num erical procedure has been made. The results show  that considerable 
com puting time saving can be achieved.
3.1 A p p rox im ati on  by Matrix  Equations
In order to be able to implement the source distribution method described in Chapter 
2. it is necessary to adopt a technique pioneered by Hess and Smith*4 '. The body surface is 
replaced by large num ber of sm all panels, so the m ethod is also called 'panel m ethod', of 
area ASi ( i= l,2 ,...N ), w h ere  N is the num ber o f the panels. The continuous form ulation 
of the solution indicates that Eqn.(2.63) and (2.64) are to be satisfied at all points(P) on the 
im m ersed surface S, but in order to obtain a discretized numerical solution it is necessary to 
relax this requirem ent and apply the condition at only N control points. The location of 
these contro l point m ay, in principle, be chosen arbitrarily , but for convenience the N 
points at the panel centroids are used. Thus, in the d iscretization  process E qn.(2 .64) is 
replaced by the N equations
- 46 -
1
a .  + —i .
v .m . ( 3 . 1)
F urtherm ore , the surface integral in Eqn.(3.1) m ay be w ritten as the sum  of the 
in tegral over the N panels o f area ASi, and as an approxim ation , the source strength 
function ct(Q) m ay be taken as constant over each panel,so that Eqn.(3.1) becom es
is the source density  on the jth  panel to be determ ined,w hich has its centroid a t (xj, yj, Zj) 
and v ni is the com ponent o f the body velocity norm al to the body surface at (xi, y1? zi). 
W hen i= j, the first term  of E qn.(3 .2) becom es singu lar and gives the con tribu tion  of 
( l /2 )(J i  w hich  is the first term  o f E qn.(3 .1). H ere the panels num bered  1 to M are 
distributed along the m ean w aterline and the jth  panel on the w aterline has a horizontal 
length o f ACj along  its upper side which coincides with the m ean w aterline. The term  
(3 G j/3 n )n i should  be in tegrated  along the in tersec tion  A C J5 but for s im plicity , this 
integration can be achieved by evaluating (3G j/3n)ni at the centroid of the jth  panel and 
m ultiplying by the y com ponent, 8j, of ACj passing through the centroid. Thus, Eqn.(3.2) 
becomes
(3 .2)
v .m for i = 1,2,...N
where
for j = 1,2,...N
for i -  1,2,...N. (3 .3)
Here the 'com plex influence coefficients ly and Jy are defined as
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I.. =
!J I f  i  GT y.’ zi; V T  9 ds
(3 .4 )
ASj
0
9  = n i , 5) ^ G (x .’ y . ' zi; 9 11J’ 9 ds
and (nij, r\2}, n 3j) are direction cosine of the unit norm al vector n on jth  panel about x, y, 
and z axes respectively.
The Eqn.(3.3) represents a set of N sim ultaneous equations for N unknow n source 
densities q ; (i= l,2 ,...N ) and may be expressed in the matrix form
a*q = v n, (3 .5 )
where a is a N x N m atrix o f influence coefficients, q and vn are colum n m atrices o f order 
N . The elem ent o f matrix a is
y y g >j
i r
an ~  h  + ~ r Ju for J =
(3 .6)
i j = I ij for j = M+ 1, . . .N
The E qn .(3 .5 ) can be solved for q by using any standard  m atrix  inversion  or 
iterative techniques. The Grout's factorisation m e th o d ^  (iterative m ethod) was found to be 
convenient and is available as a NAG routine^6!  In order to m ake the solution m ore 
efficient for presen t use. a small m odification has been m ade in the use o f the NAG 
routine.
H aving found the unknown source density, the potential at any point in the fluid 
(Xj, y„ z,), not n ecessary  on the body surface, can be found by d iscre tized  form  of 
Eqn.(2.63)
N
0 ( x., y., z, ) = X  S  J . G ds +
J g
AS.
I  ivi
T S qJ ( n ' Gi ) d y
AC.
i = 1,2,...N (3 .7)
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or
M  2 9 N
v  U U V 1
+ r l V r i j + 7 V + T ^ qi 1,i
j = l 6  *  j= M + l
(3 .8)
w i t h
I ’.. =!J J | g ( x . ,  y., z.; T1., £.) ds
A S;
(3 .9)
J ’.. = n 5. G (x., y., z ;  rp, £.)ij ij j i’ ; r  r  v  y  Y
The above equation can be expressed in matrix form as 
<i>= b • q ,
(3 .10)
where b is also N x N m atrix , (j) is colum n of order N representing N unknow n potentials 
on N panels. The elem ent of matrix b is
r2
U
b.. = ( I'.. + —— J'.. ) for j = 1,2,...Mij ij g  ij
(3.11)
3.2 Integrat ion over  one panel
Once the body surface has been approxim ated by a num ber of panels on which the 
source streng th  is constan t, it is necessary  to in tegrate the G reen 's function  and its 
deriva tives ov er each  panel in order to evaluate  the E qn.(3 .3) and (3 .7). For the 
convenience o f the discussion, the G reen's function is written in the form  of Eqn.(2.44) as
G (x, y, z; rj, Q  = ■!■ + G* (x, y, z; rg Q . (3 .12)
The first term  here and its derivatives are not gradually varying when the field point (xj, y,. 
Zi) is near the panel over which the integration is to be carried out and tire in fact, singular 
as R - 0 ,  i.e. w hen (xi? y i? zj) is inside the panel. On the other hand, the second term  and 
its derivatives are reg u la r th roughout the field dom ain except the case that R —0 at free
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surface. In practice, this case can be avoided. So the first term  is term ed 'singular part' and 
the second term  is term ed 'regular part'. Because of the different nature o f the two p an s of 
the G reen’s function , their in tegral sill be treated  in d ifferen t w ays and d iscussed  as 
follows.
3.2.1 Integration for the singular part of Green's function over a panel
3.2.1.1 Integration o f contribution due to (1/R)
Due to the singular nature o f the source, 1/R, the integration o f it over each panel 
must be carried  out p roperly  w hen the field point (x^y^zO is near the panel. For the 
integral
R
AS
— d s ,
there are tw o num erical p rocedures given by Faltinsen and M ic h e ls e n ^ . H ogben and 
T71Standing have been used by m any previous investigators w hich are briefly  review ed 
here.
F ollow ing a procedure sim ilar to Hess and S m ith ^  for the velocity  com ponents, 
Faltinsen and M ichelsen integrated above integral by m eans of local co-ordinates x, y, z, 
and T),where the x, £, and y, rj axes lie in the plane of the panel as indicated in Fig.3.1. 
They gave the results o f the integral as
4 ^   ^ I
J J t t  ds = ■ X  j ln t y - + | (y - \ , +T + (* ■ ^)2i 2 ] ^  (3 .i3 )
ac  i= 1 _AS
where
ri. . - r|. -  -
^5 = ^5 = •
a
This integral may be directly evaluated through numerical integral in m ost cases. However,
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the in tegrand  o f E qn .(3 .13 ) is singular when z =0, £=x, y -r |lil+1<0. In this case, the 
integration may be replaced by
The first integral in this expression can be integrated analytically and the second term can be 
integrated num erically since it contains no singularities.
H ogben and S tanding treated the integration in the d ifferent way. They used the 
approxim ation o f a point source, i.e.
AS
to evaluate the in tegration  except the case where the field point (Xi,yi?Zi) lies at the panel, 
i.e. i=j in E qn.(3 .8). It has been shown that if the field point ( x u yj, Zj) is right at the 
centroid of the quadrilateral panel, i.e. R=0, the integration becomes
where b is the aspect ratio of the quadrilateral panel.
G enerally , the m ethod of Faltinsen and M ichelsen gives better approxim ation bin 
needs m ore com puting  tim e and storage space. Both approaches have been tried  in this
study. From  the results in Fig.3.3 it can be seen that the m ethod of Hogben and Standing gives 
adequate results for the panels which are almost square, this is the case in the study of the
(3.14)
J ^  [ - (y - r |u+1) + [(y - q u+1)2 + (x - +  z  ] 2 ] d^
(3.15)
(3.16)
AS
with
Y = “ F =  In (b + y j l + b 2 ) + b l n ( —
V 71 b  L b
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offshore structures w hich usually  are well rounded or rectangular bodies. H ow ever, w hen 
analyzing bodies w ith a thin structure, such as the struts o f SW A TH ships or even 
the skeg area o f the conventional ships, Faltinsen and M ichelsen's m ethod is preferable. 
This is because  the sides o f the bodies m ay be close together and a po in t source 
approxim ation leads to serious error. The procedure adopted in this study is to use 
different form ula for the different cases and the strategy is described as follows:
1, w hen R < R c , the  ex ac t fo rm ulation , E qn .(3 .13), is  adopted , w here  R c is 
criterion distance,
2, when R > Rc, the point source approxim ation,Eqn.(3.15),
3, w hen R = 0, The Eqn.(3.16) is used, and
4, Rc = 3V(AS).
The setting of the Rc can be justified by the results in Fig.3.2.
3 A3.2.1.2 Integration o f contribution due to (^-)
a
The integration of the contribution due to (^-) can be written as
(3 .17)
AS AS
where
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Table 3.1 Integration for the D eriva t ives  o f  Singular Part o f
Green's Function over a Quadrilateral Panel
E x a c t  I n t e g ra l  F o r m u l a e
v v  r1 + r2 -di?. v t , r2 + v d23—  (—) dc  dr] = —&— i n --------------- ■—  + — z .— - -I n --------------- ■—
)x R' d12 rj+^ + d,., d23 r2 + r3 + d13
"H - U F  + r , - d , .  T) - n r. + r, - d , .l * * 3 4 34 1i ' a . 4 1 414- In — ----- 2-----
<*34 h + r 4 + d 34 d 4 1 r 4 +  r i + d 4
9 , 1 N A 1  A , F1 + r2 4  d 12 r2 + r3 + d 23_ _  ( _ )  d£, d r \ --------— !—I n -------------------- + - d -----M n -------------------
3v R d l2 r i + r 2 ' d 12 ^ 3  r2 + r3 " d 23
AS
£ ■ r, + r. + cL, E ■ £  r, + r, + d .,
+ 4 L _ Z L 4 n J  1----- —  + — — - 2-1 n —------!----- 4
^4 r3 + r4 -d34 d41 r4 + rr d4,
JJ
3  1 -  -  , m e - h. , m t  - h, . m e . ,  - n,  , n m e  - h
—  (—) dc, dr] = tan — ^-------   - tan ‘ ----------   -t- tan ' — ------   - tan ——=--------
9 z. R 7  r, z r  z r  z c
-1 nl34e3 " d3 i nl34e4 " d4 -1 m4’,e2 " d4 -1 m a 1e 1 " d l+ tan —— tan  =------- + tan  z tan -z-------
z r,
w h e r e  d p  = - ^ ) 2 + - t] ^ 2 d 23 = (q, - + ( r i3 - T ] /
d324 = ^ 4  “ S )2 + (T14 ' V 2 d4 i = (S  ^ 4 )2 + (T1i ~ V
\  -n , n -t! Ti -Ti
m,-, = -==—— • r o , . , - ^ —=-* . m-, 4 = - ----- —J , m4 , = -  —
‘ 5,-5, ‘ 5,-5, ' 5, -5,  ' 5,-5,
r  =  ( x  - Ly +  ( v  - t v  /  *  '7  k  =  1 ,  2 ,  3 .  4
ek = ^  M x -  hk M v  T \ ; ( x - q k)
Point  So un c Approxi mat i on Formul ae
rr o : , - u  - ^
JJ 9x V
[  (x - + (y - p ) ‘ + (z - “
JJ 9v R
[ i x  v f  *■ i y  • n > '  "  ( /  -
f f - - 'JJ 97 Rd 1 - _________ -4 1
AS
[  (x + -> h r  + i/- - £ f  ]  ‘
N o t e :  x, y, z are field points in lcxial co-ordinate system
t  , T] , 1 -- 1 ,2 ,3 ,4 are co-ordinates ot the tour corners ot a quadrilateral 
in local co-ordinate \yvtem isee Fir > 1 '
The exact form ula o f this integral is well known and derived by Hess and S m ith141 
in terms o f local co-ordinate system . Therefore it is not discussed here. The final form ula 
are given in Table 3.1. The strategy of the integration Is the same as that for (1/R) integral 
and also has several different ways to treat it for different cases, i.e.
1, w hen R < Rc, the exact form ulae in Table 3.1 are used,
2, w hen R > Rc, the point source approxim ation form ula in Table 3.1 is used, i.e.
j j
AS
^  ^  ) ds = - I n i( x - 5 ) + n2( y - T ) + n 3( z - C ) ] AS (3 .18) 
R
3, w hen R = 0
J J I r ( i ) d s  =  - 27t (3 .19)
AS
4, again Rc= 3V(AS)
It should  be noted that in the case of R=0, the integration of norm al derivative has
171been shown to be independent o f panel shape by Hogben and Standing .
1 3 1
3.2.1.3 C ontour integrations of contributions due to ( ) and ( — )
The line in tegration in Eqn.(3.3) and (3.8) are evaluated by Eqn.(3.4) and (3.9) in 
terms of point source approxim ation, that is
j
AC.
1 1
1
5 JC
 
jf
T'
i
dy = n 5.J h j R(x. ,  y., z.; rj., Q\  ^ J  ^ 'S j *  y  'D j / (3 .20)
and
j  ni J r ( R ) d y
AC.
= n 5. 
b j
(3 .21)
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1 3 1
Both ( — ) and ( — ) are evaluated at the centroid of the panel using the source
approxim ation form ula. The above equations becom es singular at Xj=^, yi=rj, and Zi=£, 
that is, when the field point at the centroid o f the source panel. In this case, the resu lts of 
Hogben and S tanding can be used, i.e.
j
AC,
n , ( - f  ) dy = n ij 5j ( 2 Y n
AS ) for i = j,
where
(3 .22)
7 =
n  b
JIn ( b + J  1 + b2 ) + b In ( A l  )
and
j
AC
n, ( -A-) dy = n .. 5. 
1 3n R 3 b j
2 k
AS.
for i = j (3 .23)
3.2 Integration for the regular  part of  the Green's  function
Ow ing to its com plex form, the regular part of G reen's function and its derivatives, 
G*(xi, yi, Zj; £j, rij, £j,) and 3G */3n, cannot be in tegrated  exactly  over a panel like the 
singular part. H ow ever, the nature o f the regular part o f G reen 's function is not like the 
singular pan either. It and its derivatives are regular throughout the fluid dom ain except the 
case that the field point (x, y, z) coincides with a source point (^, rg Q  at free surface. G* 
oscillates approxim ately  w ith wave length X. In practice, X is at least o f the sam e order as 
the length o f the body hull fo r the frequency  range o f the present p rob lem , so G* and 
3G*/3n vary slow ly over S and therefore, are nearly  constant over AS. T hus, a valid  and 
convenient approxim ation to  the integrations o f the regular part is to evaluate the integrand 
at the cen tro id  o f the  p an e ls  and s im p ly  m u ltip lied  by AS as the  p o in t source  
approxim ation. T he only d ifficulty  com es from  the contour in tegrations in E qn.(3 .3) and
(3.7), w here the G* and 3G */3n m ay becom e singular. If the panels are arranged  in the 
way described foregoing, that is the panels near the free surface have horizontal supersides
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which co incide  the m ean  free surface and m aking use o f the co n to u r in teg ra tion  
approxim ation E qn.(3 .4) and (3.9), which h a s  been used in the contour in tegration for 
singular part, the s in g u la rity  d ifficu lty  can be sim ply avoided. B ecause o f the good 
behaviour and slow  varying nature of the regular part o f the G reen's function, the present 
calculations and m any o ther papers have been show n the good approxim ation  by this 
approach. The outline for the integration of the regular part can be drawn as follows:
1, surface integral
where (x1? yj, Zj) is field point and (£,,, T]j, £j )  is the centroid of jth  panel.
3.3 N umer ical  In tegrat io n  o f  Green's  Funct ion
The num erical solution o f the present problem involves firstly the determination of the 
source density  d is trib u tio n  function  q in Eqn.(3.5). Once q is know n, the problem  is 
considered ' s o lv e d '. T he  P and its derivatives at any point in the fluid region m ay be 
determ ined through the integration indicated in Eqn.(3.10) and 6 leads to the pressure on
J J  G* (x., y., z r^, £.) ds = G* (x., y., z.; £., r ,^ £.) AS (2 .24)
AS,
AS- (3 .25)
2, contour integral
AC
AC (3 .27)
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the body surface S.
The evaluation o f the m atrices a and b in Eqn.(3.5) and (3.10) represent the m ost im portant 
part of the num erical procedure since m ost o f the C PU  tim e is consum ed in this process. 
An efficient w ay to evaluate the G reen's function and its derivatives is the key to reduce the 
computing tim e and also to m ake the 3D theory o f m ore practical value. G reen 's function 
has been stud ied  ex ten s iv e ly  du rin g  the 1940’s and 1950's, n o tab ly  by K o c h in [81, 
H a v e lo ck ^ , H askind^10  ^ and T hom e^11 .^ These studies w ere review ed in W ehausen and 
Laitone^12  ^ w here several alternative in tegrals w ere listed. A convergen t expansion  o f 
Green's function invo lv ing  spherical harm onics is given in U rsell^13 .^ The advent o f fast 
computers, opening up the feasib ility  o f num erical calculations for 3D flow , has caused a 
search of the expressions for the G reen 's function suited for efficient num erical evaluation 
which is the m ain interest o f this section The m odified form  of the H a s k i n d ^  expression 
for Green's function is given and used in Kim^14 .^ T his m odified  H askind expression  w as 
also used by Yeung^15  ^ and rederived by Heam ^16  ^ and N ew m an^17l  R ecently , an integral 
presentation for the G reen 's function  in term s o f the exponentia l in tegral w as obtained 
independently and in d iffe ren t w ays by G uevel and D aubisse^18 ,^ M artine^19  ^ and 
Noblesse^20l  M artine also gives asym ptotic expansions of the G reen 's function. T he study 
by N oblesse con ta ins asym pto tic  expressions and convergen t ascend ing  series. The 
num erical ev a lu a tio n  o f the G re en ’s fu n c tio n  w as rev iew ed  in N ob lesse^20  ^ and
m i
Newman J. recently  w ith regard  to the efficiency o f d ifferent m ethods for various cases. 
The m ost e ffic ien t w ay to  eva lua te  G reen 's function  is to  com bine several su itab le  
expressions in a  program  subroutine for different wave num ber space.
The present study is based on tw o different expressions o f the G reen 's function. In the 3D 
case, the analogue o f the G reen 's function for a pulsating source is
1 1  - Y
G = -  + —  + 2k F( X, Y  ) +  i 2 itk e JQ( X ) (3.28)
where
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_1_
X = k [ ( x - ^ ) 2 +  ( y - T | ) 2 ]
Y = k(z  + C)
R = [  ( x - ^ ) 2 + ( y - t i ) 2 + ( z - ^ ) 2 ]
R' = [ ( x - ^ ) 2 +  ( y - r | ) 2 +  ( z  + i ; ) 2 P
and
oo
F ( X, Y ) = j d v  (v-  1 ) '1 e’)Y J0(uX ). (3.28)
0
Here Jo and J i are B essel function o f first kind o f zero order and first order. The singular
part and im age part o f Eqn.(3.27) and their derivatives can be evaluated in straight forward
[221
way since Jo and Ji can be efficien tly  calculated by series expansion1 . Therefore, the 
essential task  for evaluating the G reen's function is to evaluate the F(X, Y) for all possible 
values of two argum ents throughout the quadrant where X>0 and Y<0.
In the case o f X >-Y , the B essel function Jq in Eqn.(3.28) oscillates m any tim es 
before the exponential term  decays significantly and consequently num erical com putation 
becomes inefficient. To overcom e this situation, Eqn.(3.28) can be transform ed to a finite 
form (due to H askind) which gives the form
-Y
F(X, Y) = ( £ )  [  E0(X) - Y0(X) ] eY . J  e '+V  + X 2) 2 dt. (3-30)
0
The derivatives o f F(X, Y) can be shown to be
9F  _  dF  d X  k (x - 1,) dF  
dx  d X  d x  r d X
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d F  _  3F  ax _  k ( y - r p  dF  
d y  d X  d y  r d X
3 F _ 3 F  a x  _ k ( z - 0  3F  
d z ~ d x l z  r d X
where
= [  (x - i f  + (y - Ti)2
J £  = ( f ) [  E-(X) '  Y.(X) ] e Y- x J  et+Y(t2 + X2) ' 2 dt . (3 .31)
0
Here Eo and E i are W eber functions defined in Abram ow itz and S te g W 22 .^ Yo and Y \ are 
Bessel functionsof the second kind o f zero order and first order respectively.
The above fo rm ula can be easily evaluated by Sim pson's first rule, clearly  in the
case of X=0, these form ula break dow n and also for sm all X the Eqn.(3.30) is inefficient.
[231
Therefore, M onacella's approach can be introduced for the case o f X<-Y, that is
oo 2k
r f(u) r f w  - f(k)
P. V. -2 —  dx> =  du
J ^ Jv - k  v - ko o
2 k
f d v  f f(u) ,
+ f(\)) P.V. ------- +  d\)
J v >- k  J, v  - k
(3.32)
0 2k
2 k
f dk
P.V. -------- = 0 ,  the E qn.(3.32) reduces to
J ^  v
since
j  u - k
2k
>.V. f  -^22-d-u = [  f(V) f^ l d \ ) + f  —  d\) (3 .33)
J  ^  _ 1 / 1 \ _ L- * 1 - k0 v - k  0 V - k V - k
A pplying E qn.(3.33) to E qn.(3.28) gives
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2k
(3 .34)
where
f ( x > )  = e')Y J0(\)X)
f(k) = ekY J0(kX)
and the derivative is
2k
f  W  - f(k)
t) - k
(3 .35)
o
where
f(u) = - v evY J^uX)
f(k )  = - k ekY J ^ k X ) .
Introducing (3.34) and (3.35) into Eqn.(3.30) gives the derivatives o f F(X , Y).
The E qn.(3.34) and (3.35) can be evaluated by a norm al quadrature m ethod. To do 
this more efficiently, S im pson's second Rile is used for the first integral with the num ber of 
ordinates m used to attain the required accuracy, generated as m =6n+4 for n+1,2,.... This 
autom atically avoids the calculation at \)=k. For the second integral, S im poson's first rule 
is used.
3.4 Use o f  S y m m e try  of  Body Geometry
Most o f the bodies in naval architecture and ocean engineering problem  have at least 
one vertical plane of sym m etry and this propeny can be used to save both com puting time 
and the com puter storage space. If the body has port-starboard sym m etry, the co-ordinate 
system 0-xyz will be set in the way described in section 2.1.2 with the body sym m etry 
plane coinciding with o-xz plane.
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As m entioned earlier, in im plem enting the source distribution m ethod m ost o f the 
com puting tim e is spent in calculating the influence of one source panel on another. If  the 
total num ber o f the panels o f the body is N, the matrix a in Eqn.(3.5) and b in Eqn.(3.10) 
indicates the N x N operations. T aking advantage o f the body sym m etry, a  considerable 
com puting tim e can be saved. The schem e for use o f this com puting tim e is illustrated in 
following exam ple.
For the sake of convenience, take the total panel num ber N=4, and the panel indices 
1 and 2 be on one side, the indices 3 and 4 be on the opposite sym m etric side, as shown in 
Fig.3.2, the E qn.(3 .5) becom es
all a i2 a i3 a!4
a21 a22 a23 a24
a31 a32 a33 a34
a41 a42 a43 a44
1
X
1 i
c
>1
^2 Vn2
^3 Vn3
--------1 r 
■ X
i i
<
3 -P
>-
1
After partitioning, Eqn.(3.36) can be written as
a il 3 12
1
X
1 1
<
3
1
a21 a22 1
X to 1
V 0n2
where
1
a i2
1 r
■tt
cS
IIC3
a21 a22
’ 312
a23 to 1
etc.
V V " V n 1 '
r 
1
COc
>
1
.Q II
1
X to i
q2 =
1
X
i
V n l =
1
CnIc
>
1
V 0 -  n2
1
Tj-c
>
1
(3 .36)
(3.37)
(3.38)
Due to the sym m etry of the body, it can be shown that
a n  a 22’ 3 12 a 21 (3 .39)
Furtherm ore, if  the boundary values are also sym m etric with respect to the 0-xz plane, i.e.
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v ni = v n2, then it can be show n that q i - q 2- S im ilarly , if  the boundary  va lu es are 
asymmetric w ith respect to 0-xz plane, i.e. vni= -vn2, then q i= -q 2-
In E qn.(3 .31), the boundary values nx are sym m etric w hen i= l,3 ,5 , i.e. for surge, 
heave and pitch m odes, and are asym m etric when i=2,4,6, i.e. sway, ro ll and yaw m odes. 
Summarizing, the Eqn.(3.37) can be rewritten in two special cases as follows:
1, for surge, heave and pitch m odes
then q = q,V  1 =  V  0  nl n 2
and [ a n  + a i2 ]  [  ]  = [ v i ] (3 .40)
2, for sway, roll and yaw m odes
then q = - q.v = - vnl n2
and [ a n  '  a i2 ]  [  ]  = [ v i ]
(3.41)
For the diffraction boundary value, i.e. -9<J>o/5n, <j>o as well as 3(j)o/5n can be split 
into sym m etric and asym m etric parts. Then in a sim ilar m anner equations like Eqn.(3.40) 
and (3.41) can be used.
For the evaluation  of the velocity  potential, a sim ilar schem e can be used for 
Eqn.(3.10) w hich is rew ritten as
1
b ll b12 b13 b14
^2 b21 b22 b23
b24
*3
b 3l b32 b33 b34
b41 b42 b43
b . ,44
i
-Q
*
^2
^3
_q 4_
(3.40)
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or
—
1
_
p
-
1 1
O
'
b 1 2
1
.O
j
. 2 .
b 2 1 b 2 2
1
-Q fO
1 __
__
__
__
where
’b ll b 12_
x
T
1
bu"
II
_b21 b22
b 12 ~
b23 b24_
4>i =
1
V
^2
1
(N
-©
-
etc.
(3 .43)
and
1, for surge, heave and pitch m odes 
q 1 = q 2 then ^
\  ]  = [ b l l + b 1 2 ] [ (' l ] (3 .44)
and
2, for sw ay, roll and yaw m odes 
q 1 = q 2 then ^  = - <J>2
[ 1 \ ]  = [ b ll ' b 12 ]  [  q i ] (3.43
B ecause the m atrices a n ,  a n ,  b n  and b n  are all N /2 x N/2, the use of above 
scheme does not need to evaluate the G and dG/dn for N x N tim es to form the m atrices a 
and b in Eqn.(3.5) and (3.10). It only needs to evaluate the G and 5G/0n for 2[N /2 x N /2 1 
times, that m eans 50%  of com puting time is saved on creating the matrices.
Solving for the source densities using Eqn.(3.40) and (3.41) involves a m atrix 
which is only one quarter the size (N/2 x N/2) of the matrix in Eqn.(3.5) (N x N), but to
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find all the hydrodynam ic coefficients the matrix must be inverted twice. The tim e saving 
depends on the m ethod of inversion. If the time for the inversion increases as N 2, the time 
saving is 50% . In p ractice, the solu tion  o f E qn.(3 .40) and (3 .41) is ob tained  by the 
elimination m ethod w hose com puting time usually  increases as N 3, that m eans the more 
computing tim e can be saved on the inversion of the m atrix, but it should be keeping in 
mind that the m ain CPU  tim e is spent on creating the m atrices a n ,  a i2, b n  and b i2. The 
memory space saving is 50%.
Using a sim ilar schem e, the am ount o f com putation  can be further reduced if the 
body geom etry has tw o planes o f geom etry, say o-xz and o-xy planes. But advantage o f 
this has not been taken in the present work.
This schem e of use o f sym m etry o f the body geom etry to reduce the com putation
r71 . [3]
effort can be found  in m any papers, such as H ogben and S tanding  , Ingiis . The 
composite source distribution (c.s.d) m ethod recently introduced by W u ^  is equivalent to 
the above schem e. But in present study the above schem e is used because it has sim pler 
form than c.s.d. m ethod and is physically  easier to understand. W hen the body is not 
symmetric , the program  based on c.s.d. m ethod apparently does not work, but the present 
scheme is fully com patible. This situation is important for the research into the behaviour of 
damaged structures.
3.5 Use of Proper t i es  of  Green' s  Funct ion
3.5.1 Proper t ie s  of  G reen 's  funct ion
A list o f G reen ’s functions for different boundary conditions is presented in Table 
2.1. Som e o f th e ir p ro p e rtie s  w hich are w ell b ehav iou red  m ay be benefit to the 
computation. By denoting any two point in the field domain 
= (Xi, yi, Zi); xj = (xj, yj; zj), 
these properties are outline in following.
U G (x ., x.) = G (x., x.)
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the two correspond ing  sym m etric points o f \ { and Xj with respect to the o-xz plane are 
denoted as
x'i = (Xi, - y i5 Zi), x'j = (xj, - yj, Zj)
Other properties of sym m etry are given as 
3, G (x ., x.) = G( x \ ,  x \ ) ;  G(x. ,  x '.) = G (x \, x.)
i  G(x ■’ x i}=i  G(XV x 7' 7T G ( x x  P = G( XV x V
i 1 j j
A. G(X X') = A. G(xV x .); A. G(x X') = Gfx'j, x .)
1 1  J J
^  G(X X i ’ = ^  G(X,i’ X J); ^  G(X X ^  = ^  G ( X ’’ Xj )
4  G ( x x  V  = | r  G(XV x j); G(x ■’ x 'i) = | -  G( x v x j)
d d d d
■=?— G(x x .) = rr— G (x '., x ^ — G(x , x .) = — G( x \ ,  x '.)
dz.  1 r  dz.  1 J dz  1 J dz.  1 v
i i  j j
d d d d
rr— G(x x '.) = — G (x '., x .); ^ — G(x x '.) = ^ — G ( x \ ,  X ).
dz.  1 Y dz.  1 j dz.  ' j dz.  1 J
i i  j J
These properties are attributable to the G reen's function itself and can be derived from  its 
definition.
If the body has the port-starboard  sym m etry  with respect to o-xz p lane, the 
symmetric and asym m etric boundary values can be written ms follows
r»i(xi) -  (n ii,n 2 i,n 3 i); n' jCx' i) = (n' 
and nii  = n 'n , n2i = - n '2j, n3, = n^i
( 3 . 46 )
By m eans o f the Equation 
3G  3G  3G  3G
^ -  = n i , ^ -  + n2i ^ r + n 31 a r  (3 .47 )1 1 J 1 1
and the p roperty  3, the fo llow ing  properties can be obtained for o-xz plane sym m etric 
body.
G (x ,, X.) = * -  C (*-., X'j)
(3 .48)
tt—  G ( X  , X '. )  =  tt—  G ( X \ ,  X .)
3n. 1 r  3n. 1 r1 1
This property is due to the sym m etry of the body w hich has been used in E q n . ( 3 . 4 0 )  and 
(3.41).
The p roof o f these properties follows the sym m etry o f the source potential (Green's 
function) with respect to its argum ents and the properties of the derivatives with respect to 
its argum ents as well.
For the convenience o f the discussion, the G reen's function can be divided into 
singular and regular parts as Eqn.(2.44)
G = 1/R + G*.
The singular part (1/R) satisfies all the properties 1, 2 and 3. There is tin additional pan  to 
Property 2, i.e.
3 1 _  3 1
3z. Ix. - x.l  ^ 3z. Ix. - x.l
1 1 j j 1 J
Sim ilarly, the regu lar part, G *(x i? xj), satisfies the all the properties 1, 2 and 3, and also 
has an addition to Property 2, i.e.
2- ^ G ‘ (X.’ X,) = ^ G *(XJ’ X.)
1 j
- 66 -
T hese properties will be very useful in the discussion of follow ing section, use of 
the properties o f G reen's function to saving the com putation effort.
3 .5.2 Use o f  Proper t i es  of  Green's  Funct ion
G enerally  speaking , the elem ents aq and by in Eqn.(3.5) and (3.10) are neither 
symmetric nor asym m etric about the diagonal of the m atrices.. If the body is sym m etric, 
m aking use o f the body sym m etry  and the P roperties 1 and 3 in Section  3.5.1 the 
computing tim e can save nearly 50%  as discussed above. Furtherm ore, if the Properties of 
the G reen 's function them selves are used together with the suitable num erical integral 
manner , the com puting effort in creating the m atrices a and b in Eqn.(3.5) and (3.10) can 
be further reduced by almost another half.
As m entioned in Section 3.2, the integration over one single panel is treated by 
either exact in tegral form ula or point source approxim ation, B ecause the aij and bq are 
generally neither sym m etric nor asymmetric, the exact integral form ula cannot simply make 
of the properties o f the G reen's function, so it will not be discussed here. The exact integral 
form ula is only used  for the in tegral o f the singular part o f G reen 's function  in the 
situation of the field poin t near the source panel, i.e. R<Rc. O therw ise, w hen R>Rc the 
point source approxim ation form ula are used. For the regular part o f G reen 's function the 
point source app rox im ation  is alw ays used in the present num erical p rocedure . As 
discussed, the singular part of G reen's function has a m uch sim pler form than its regular 
part and independent of the frequency. Once the singular part is ca lculated  and will be 
stored for the use of all the calculations. Therefore, the com puting tim e on this part is very 
limited com pared with that on the regular part. In this section, the use o f the properties of 
Green's function for the regular part will be discussed.
From  the Eqn.(3.3)-(3.6), (3.25) and (3.26), the integration o f the regular part o f 
Green's function, G*, can be w ritten in term s o f x, = (x;, y„ Zj) and xj = (xj, yj, zj), i.e.
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a'.. = L AS. + n r  5. ] 
ij j ij j
3 3 3
n r,—  + n -r—  + n T—
11 3x. 2l 3y. 3l 3z.i J \ i G *(x., x.)v i y
b'.. = [ AS. + n .. 5. ] G *(x., x.) 
ij J h i  i y
for i= l,2 ...N , j= l,2 ,.. .M
and
a'.. = A S. 
ij j
3 3 3
n .. -=r— + n_. — + n~. -=■—h 3x. 2l 3y. 3l 3z.i J i i G *(x., x.)i’ y
b'.. = AS G *(x ., x.) 
u J 1 J
for i= l,2 ,...N , j= M + l,...N , (3 .49)
where a’jj and b'y deno te  the in tegration  o f the regu lar part o f  G reen 's function , G*, 
involved in the e lem ents ay and by respectively. In troducing  the P roperties 1 and 2 in 
Section 3.5 for the G* gives
a'.. = [ AS. + n .. 8. ]ji i h i J
3 3 3
nb 3x~ ‘ n2i 3 ^  + n3J 3Ti j i i G * (x ., x.)
b'.. -  f AS. -(- n .. 8. 1 G *(x., x.)
j i  1 i l i  i 1 v i ’ y
for j= l,2 ,.. .N , i= l,2 ,...M
and
a'.. = AS 
ji i
3 3 3
- n.  m . — -t- n_. -s-—
b 3x. 2J 3y. 3J 3z.i J i i
G*(x. ,  x.)i j
b ’.. = A S . G *(x  , x.)ji i i y
for j= l,2 ,.. .N , i= M + l,...N  (3 .50)
By m eans of E qn.(3 .49) and (3.50) to calculate the influence coefficients a’,, and 
a’ji, or b’y and b ’ji, the G* and its derivatives 3G */3x, 3G */3y and 3G */3z are only 
calculated once. O w ing to the com plicated form and the frequency dependent nature of the 
G* and its derivatives, the over 90% of the com puting time in creating the m atrices a and b
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is spent on their evaluation. The above m ethod needs only one evaluation o f the G* and its 
derivatives for the both sym m etric elem ents with respect to the m ain diagonal, a\j and a'ji 
or b'ij and b'j„. The use o f this m ethod, Eqn.(3.49) and (3.50), can reduces nearly  50%  of 
the creating a and b.
If the sym m etry property of the body is used in the calculation, the m atrices a and b 
are divided in to  fou r sub-m atrices, E qn.(3 .37) and (3 .43), and only tw o o f them  are 
calculated. In such cases, one sub-m atrix , for exam ple, the a i 2 or b i 2, in E qn.(3 .37) or 
(3.43), is off the m ain diagonal, so the Eqn.(3.49) and (3.50) are no longer valid. In order 
to extend the above m ethod to involve this case, the Property 3 of G reen's function m ay be 
introduced by denoting
Xi = (xi,  y i ,  Z i ) ,  xj = (xj, y j? z j )
x i — ( x j ,  - y i ,  Zj) ,  x j — ( x j ,  - y j ,  Zj).
and assum ing the sam e panel arrangem ent for both star to portboard  sides o f the body 
surface, i.e. ASi=AS ' i  w here AS'i  is the area o f the panel w ith its cen tro id  at x'j. From  
Eqn.(3.3)-(3.6) and (3.24)-(3.27), the follow ing form ula can be obtained.
a-: '= [ AS.  + n. 5. ] 
1J j T) j
a a a
n ,. -r— + n 0. -5T— + n„. — 
11 dx.  2l dy.  3l dzi J i i
G*(x . ,  x.)
v r  y
b jp = [ AS. + n . . 5. ] G*(x . ,  x.)u j i.i j 1 j
N . N . N
l - l , 2 , j — f
and
a' : : '= A S. 
1J j
a a a
11 d x  2l dy.  3l dz.i J i i
G*(x . ,  x.)
b '..'=  AS. G *( x . ,  x.)u j i
N . N+M  
1 = 1 ,2 ,...— , J=— 2— H ... .N ,  (3 .51)
where the elem ents a'fj and b'ij represen t the influences from  the source panel w ith its 
centroid a f x'j on the field  po int x x w hich only involve the in teg ra l o f  G* and its 
derivatives.
- 69 -
By m eans o f the P roperty 1, 2 and 3 for G*, another group o f equations are 
obtained, i.e.
where a ’jj and b'jj represent the influence from  the source panel with the centroid at x'j on 
the field point x )  for the integral of the G* and its derivatives. In term s of Eqn.(4.49) and 
(3.50), the evaluation  tim es o f the G* and its derivatives for a port-starboard  sym m etric 
body with total N panels to present is are (N/2 x N/2), which is only a quarter of the size of 
matrices a or b, which is (N x N). For the arbitrary body, there is no sym m etry can be 
used, the total evaluation tim es for G* and its derivatives are (1/2)(N  x N), which is half of 
the size of the m atrices a and b.
3.6 Eff i c iency C o n s id e ra t io n
The com putational effort involved in the obtaining the results of the hydrodynam ic 
coefficients, wave exciting forces and motion responses is always a criterion for judgem ent 
of the practical value o f the m ethod and the program . For several m odels w ith different 
number of panels the CPU  tim e taken on ICL 3980 m achine is given in Table 3.2. The 
program now w orks on double precision in order to evaluate the G reen 's function with an 
absolute error sm aller than 10"6 and also make use of the NAG routine software package in 
ICL 3980 system . T he total CPU  tim e involves the w hole procedure from  the m esh 
generation to the prediction of the m otion responses and wave loads. The CPU time per 
frequency here is the average value o f tw enty five typical non-dim ensional frequencies 
from cocV(L/g)=0.5 - 5.3 w ith 0.2 interval because the CPU tim e varies from  different
3 3 0
3x” + n2J 3>T + 3z" G *(x  , x )
i J  i i 1 j
N ,,_N  | i N+M
2
and
3 3 3
a'i.' = ASi ’ n 'J 9x. ' n2j 7 y~ + n3j dl G*(x X )
i M  1 1 J
N+M
+  1, . . .N,  (3 .52)
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frequencies and the singular art o f the Green s function is frequency independent once 
calculated it will be stored and used for all the frequency calculations.
T able 3.2 T he C om parison o f the CPU Tim e per Frequency
(in Seconds)
Number o f  
Panels
M odel Present
Procedure
Ordinary
Procedure
T im e Sav ing
%
1 2 0 Ship  Shaped  
Crane V esse l
6 . 2 9 .9 37 .4
2 0 0 T w in  C ylinder 18.7 28.3 34 .0
252 Series  60  M odel 35.1 51 .5 31 .9
352 S W A T H  1 72 .4 118.1 30 .7
Table 3.2 show the com parison between the ordinary num erical procedure and the 
present procedure which m ake use of the properties of Green's function for the bodies with 
port-starboard  sym m etry . Both m ethods have m ade use of the sym m etry o f the body 
geom etry. The present one savesover 30%  of the total com puting time. From  the results in 
Table 3.2 it can be seen that the total CPU time increases nearly as the square of the num ber 
of panels.
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C HAPTER FOUR
P R E D IC T IO N  OF M O TIO N  RESPON SES OF  
M O N O  AN D T W IN  H ULL SHIPS IN R E G U L A R  W AVES
In this chap ter the hydrodynam ic coefficients, w ave exciting  forces and m otion 
responses o f the m ono and twin hull ships travelling in regular waves were analysed by the 
three dim ensional theory described in previous chapters. The results have been com pared 
with the other theoretical and experim ental results. Because the twin hull ship is prim ary 
concern here, the hydrodynam ic interaction effects in the form of 'standing waves' between 
the two hulls were studied in detail. The purposes o f this chapter are
1- to dem onstrate the validity of the theory and the m odified num erical procedure 
with respect to physical reality,
2- to in v es tig a te  the 's tan d in g  w av e’ phenom enon  and its e ffec t on the 
hydrodynam ic coefficien ts, wave excitation and m otion responses o f the tw in hull ships, 
and
3- to apply the theory to the prediction of the twin hull ship m otion in regular waves 
for practical uses.
For these purposes a Series 60 m odel with Cb=0.70, twin cylinders and a SW ATH 
( small waterplane twin h u l l ) ship model were analysed and their main particulars are given 
in Table 4.1.
The co m p u ta tio n al resu lts of a Series 60 m odel w ere com pared  with other  
theoretical and experim ental data to validate the method and the numerical procedure.
The standing w aves phenom enon and its effect on the hydrodynam ic coefficients, 
wave excitation o f the twin hull body was system atically studied by varying the distance 
between the tw o hulls o f the twin cylinders for several values. The frequencies at which the
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Table 4.1 M ain particulars and stability data
Designation S y m b o l U nit Series 6 0 T w in  cylinders S W A T H  1
Length (betw een  
perpendiculars) L m 3.048 2 .0 1.5
Breadth B 0 m 0 .435 0 .8 1 3 ,1 .2 1 9 ,2 .2 0 3 0 .8 0 9 2
Hull spacing  
between the 
central lines
B m — 0 .6 1 ,  1 .016 , 2 .0 0 .7 2
Beam o f  each  
hull at W .L. bo m — 0.127 0 .05
Draught T m 0 .1 7 4 0 .294 0 .1 9 8 4
D isp lacem ent V 3m 0.1 6 1 6 0.171 0 .0 2 1 8
Block  coef. c b 0 .7 0 0 — —
Vertical centre o f  
gravity above base K G m 0 .1 7 9 0 .1 7 6 3
Transverse  
metacentric height G M 'i' m 0 .0 3 0 — 0.191
Longitudinal  
metacentric he ight G M L m 3.46 — 0 .2 3 2
Inertia in pitch* I5 5 kg m 96 .2 — 4.01
Inertia in roll* I4 4 kg m 2 3.48 — 3.3 0
Inertia in yaw * ^ 6 6 kg m 2 9 6 .2 — 6 .3 6
Inertia conduct  
roll-yaw* L 4 6 kg m 2 0 .4 0 — 0 . 0
Watcrplanc area A w m 2 0 .1 0 4 2 — 0 .0 5 4
L.C.B. after F.P. m 1.509 1 . 0 0 .9 7 2 5
Centre o f  floatation  
after F.P m 1.575 1 . 0 0 .9 7 2
* -  relative to o r ig in  a b o v e  ccnLrc o f  g rav ity  in w a v e p la n c
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standing waves occur, so called 'standing wave frequencies' were also discussed.
Finally, the present theory was used to predict the m otion responses o f a SW ATH 
ship travelling  in regu lar waves. A sem i-em pirical iterative m ethod was in troduced to 
estim ate the viscous effects. This m ethod is generally suitable for not only SW A TH ships 
and also o ther type o f sem isubm ersib les w hose dem i hull m ay not be as slender as 
SW A T H  ships. T he re su lts  w ere com pared  w ith the 2D strip  theo ry  resu lts  and 
experim ental data for different wave headings, with and without forward speed.
4.1 Series 60 Model
In order to provide the validation of the m ethod and the num erical procedure, a 
Todd series 60 m odel w ith C b=0.70 was firstly calculated w ith the m odel travelling  at 
fo rw ard  speed  asso c ia ted  w ith  Fn=0.0 and Fn=0.2. T his ty p ica l m odel has been 
extensively  stud ied  by a num ber of previous authors. The available experim ental and 
theoretical results are very convenient for the present purpose of validation. In this section 
the com pu tational resu lts  have been com pared w ith the experim en tal and the o ther 
theoretical results. The com parison with the other three dim ensional results can be used to 
check the validity o f the present num erical procedure which is m odified to m ake using the 
sym m etric p roperties o f the G reen 's function and the body geom etry. This num erical 
procedure provides the basis o f the follow ing studies including the pred ic tions of the 
m otion responses, wave loading of ships, and the random  sea process. On the other hand 
the com parison w ith the strip theory and the experim ental results can show the general 
valid ity  of the p resen t th ree d im ensional theory  to ship m otion problem  and the 
im provem ent from the simple two dimensional approximation.
The principal particulars o f the Series 60 model are given in the Table 4 .1. The hull 
form is represented by 252 panel elem ents as shown in Fig.4.1. The calculation was made 
by the m odified num erical procedure described in the previous chapters. Because ot the 
sym m etric feature of the model about its centre plane, the m ethod utilizes the sym m etry ot 
the body geom etry and considers the half of the hull form only. C onsequently considerable 
saving on both com puting time and storage space is attained.
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For the com parison  the results obtained by som e previous authors for the sam e 
model were used in this study which are listed as following:
Theoretical results
1, S trip  theory : The results are given by Inglis who used the L ew is-form
m ethod by dividing the hull into 20 segm ents each o f which was m odelled using a Lew is 
section.
2, Three d im ensional theory: The results are also given by Inglis ^  using  three 
dim ensional source distribution method.
Experim ental results
1, G erritsm a and Beukelm an ^1 give the m easured results for whole and segm ented 
m odels at Fn=0.2 for heave and pitch. Their m odel was 2.258 m  long, so the results have 
been scaled up to the sam e length as present model;
2, Vugts ^  gives the experim ental results m easured on the m odel o f length 3.048m 
for both w hole and segm ented hull at Fn=0.0 and Fn=0.2;
3, V an Leeuw en ^  m easured the results for the w hole m odel o f length 2.258m  at 
Fn=0.2 both with and w ithout rudder in sway and yaw modes. The results are presented in 
stability axes and so they have been transform ed and scaled for the present com parison.
4.1.1 M o t io n  In du ce d  Coeff i c ients
The m otion induced coefficients, i.e.added m ass and dam ping, were com puted over 
a w ide range o f freq u en c ies  o f 0 .8970<coc< 9.867  or 0 .5< coc^ (L /g ) <5.5  in non- 
dim ensional frequencies. The coefficients were calculated for all six m odes ( i.e. surge, 
sway, heave, roll, pitch and yaw ) including coupled m otion induced coefficients.
The coefficients are presented in Fig.4.2-4.11. In all figures the abscissa is a non- 
dim ensional frequency coe^(L /g). The added m ass and dam ping are also represented as 
non-dim ensional values, A 'y  and B'ij. The non-dim ensional products are described in the 
nomenclature.
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G enerally  the very good correlations have been found betw een the present three 
dim ensional results and Inglis 3D results which shows the validity of the present m odified 
num erical procedure. The two approaches use sim ilar basic theory but different num erical 
procedures, so the results should be very close to each other.
The d istinc t feature of the d iscon tinu ities in the coeffic ien ts o f the vertical 
oscillations at 0l>c = 9.13 is considered to be caused by irregular frequencies. From  the 
geom etric p roperties  o f the m odel, i.e. L /B =7.0 and B /T=2.5, one w ould except an 
irregular frequency  at ooe = 9.16 (corresponding A/L=0.24) by m eans of Eqn. 2.92, and 
out o f the frequency range of practical interesting for rigid body m otion. H ow ever it is not 
true if the ship has a high speed and consequently a high encounter frequency. On other 
hand, when hydroelastic theory is used where the body is assum ed flexible these irregular 
frequencies w ould becom e a very serious restriction since they occur in the region o f 
resonances o f the distortional m ode (see reference [6]). The strategies to avoid irregular 
frequencies have discussed in the C hapter 2. The sim plest way is to forecast them  prior to 
setting the frequencies to be calculated and avoid them . The range o f the effect o f each 
irregu lar frequency  is often very narrow , so the resu lts laying in this range can be 
approxim ated by interpolation. The Eqn. 2.92 can be used to forecast.
For better understanding  the theory, the two dim ensional and the experim ental 
results are also show n in the Fig.4.2-4.11. The discussion of the results are m ade in two 
groups, vertical m ode o f oscillation and lateral m ode of oscillation w hich are assum ed 
independent each other in the present theory.
I, Vertical  m od e of  osci llation
Surge  and Surge-Pitch
There is no m easured data available for these modes. The strip theory neglects them 
by the assum ption ot the theory. Therefore no com parison can be made with experim ental 
and two dim ensional results. On other hand the two 3D results agree well with each other.
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H e a v e
At h igher frequencies both three dim ensional and strip theory agree well with the 
m easured data  for Fn=0.0 and Fn=0.2 but in the low frequency range the strip theory 
deficiencies are apparent. This is due to the basic assum ption in strip theory that the high 
oscillation frequency  is required. In the present three d im ensional theory  the heave 
coefficients are speed independent and it certainly appears from  the experim ents that the 
speed effects on added m ass are small.
P itc h
As w ith heave, the three dim ensional results and strip theory results agree well in 
high frequency range, but at lower frequencies there is large difference between them . For 
zero speed  d am p in g  co e ffic ien ts  th ree d im en sio n al th eo ry  im proved  the resu lts  
significantly, but at non-zero speed the agreement with m easured data is only fair.
W hen the encounter frequency approaches zero, the A55 at Fn=0.2 as predicted by 
three dim ensional theory become infinite. From the Table 3.2 it is clear that the A55 has an 
order o f coe'2 . In the m otion equation the A55 will be m ultiplied by ooe2 which m eans the 
contribution o f A 55 to the m otion equation is only finite, whereas the A 55 predicted by strip 
theory will gives an infinite contribution. Therefore, near the zero encounter frequencies in 
the cases o f follow ing and stem quatering seas must be avoided with strip theory.
H e a v e - P i t c h
It is obvious that the added m ass A 35 of present results at zero speed, F ig.4 .6 , is 
different from  the o ther three dim ensional and strip theory results. The present one agrees 
with the experim en ts m uch better than the o thers. The reason is not clear, but it is 
confirm ed by the calculations o f three d ifferent panel arrangem ents for the sam e model 
from coarser to finer (only one result is shown here).
For the forw ard speed case the results show sim ilar behaviour to that found in the 
zero speed case. T he differences between present results and the others are caused by the 
zero speed A 35 values. The present one lies close to m easured data as well. A nother
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im portant fact can  be found is the three dim ensional resu lts satisfies the T im m an- 
N e w n W 71 sym m etry relationship, but the strip theory results does not.
II, Lateral  modes  of  osci llations
S w a y
The predictions by all theories are close each other at both speeds and all o f them  
underpredict the dam ping. This is believed to be the influence of viscosity  as has been 
dem onstrated by V u g ts ^ .  He used the strip theory to predict sway and roll dam ping of two 
dim ensional rec tan g u la r cy linders w ith d ifferent B A . In his resu lts the theore tical 
predictions and the experim ents coincide for larger ratio of B/T and get more inaccurate for 
sm aller BA'. It can be understood that the flow pattern about the deep im m ersed sections is 
m ore influenced by separation than the shallow one. The sway added m asses predicted by 
all the theory agree well with each other for both speed, but all o f them  are higher than the 
experim ental results at Fn=0.2 which is due to the lim itation o f both 3D and 2D theories, 
i.e. A22 and B 22 are speed independent.
S w a y - R o l l
T he d am p in g  co effic ien ts  for this coupling  m ode, F ig .4 .8 , show  the sam e 
tendencies as those in the sway mode. The underpredictions are caused by viscosity. The 
experim ents show  the dam ping coefficients are changed with forw ard m otion but the 
theoretical results is independent of forward speed.
R o l l
The added m ass at both speeds are nearly  constan t w hich is experim entally  
confirm ed by V u g ts ^ l  It is clear that the theory gives the inadequate results for the roll 
dam ping. U nlike o ther m odes for the mono hull ship the v iscosity  gives a significant 
contribution to the roll dam ping. This will be discussed later. H ow ever both o f the 
theories fail to predict satisfactorily  the influence of forw ard speed. The hydrodynam ic 
coefficients in roll mode are speed independent due to the limitation of the theory.
78
Y a w
At zero speed, the F ig.4 .10 shows that all the theories predict satisfactorily  the 
added m ass. In the  case o f  Fn=0.2, the three d im ensional resu lts lies close to the 
m easurem ents, but they still can not sim ulate the trend of the added m ass at the m iddle 
frequency range. The lim itation o f strip theory is obvious since it is speed independent in 
this mode. The agreem ent between the predictions by all the theories with experim ents for 
the dam ping is not good at lower frequencies.
S w a y - Y a w
F or sw ay -y aw  co u p lin g , F ig .4.11 show s the p resen t re su lts  o f dam ping  
coefficients agree w ith the experim ents better than the three dim ensional results given by 
In g l is ^ .  This is sim ilar as that found in heave-pitch coupling m ode and the reason is not 
clear either. For the zero speed the added m ass the strip theory seem s to be giving better 
results, but at Fn= 0 .2  the pred ic tions o f three d im ensional theory  are c lo ser to the 
m easurem ents.
4.1.2 V iscous  roll d a m p in g
P otentia l theo ries, such as those under d iscussion, are based on the ideal flow 
assum ptions, and so attributes all dam ping effects to wave dam ping. For m ost m odes of 
oscillation o f m ono hull ships this gives adequate results but for roll m otion the viscous 
effects m ust be considered.
The viscous effects on roll dam ping can be divided into two parts, i.e. skin friction 
and eddym aking.
(1) Skin friction
Skin friction is due to the existence o f boundary layer in real fluid and causes a 
contribution to roll dam ping which is Reynolds num ber dependent. This contribution to the 
roll dam ping is quite im portant in the m odel test, but it has been shown by M yrhaug and 
Sandal to be negligible for real ship.
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(2) Eddym aking
The edd y m ak in g  dam ping  was studied by T an ak a[10]. It was found that this 
contribution is dependent on the roll velocity and independent of Reynolds num ber.
The d ifferen t com ponents of the roll dam ping on Series 60 w ere m easured and 
com pared w ith the p red ic tion  from  the em pirical form ulae by Ikeda, H im ena and 
Tanaka^11]. T heir resu lts are shown in Fig.4.12. Their results were used here. F ig.4.13 
shows that the agreem ent o f the prediction with experim ents is im proved significantly  by 
introducing the viscous effect.
4.1.3 W a v e  E x c i t in g  Coef f ic ien ts
The w ave exciting  forces and m om ents acting on the subm erged hull o f the m odel 
have been calcu lated  w ith the m odel travelling at the speed associated with Fn=0.0 and 
Fn=0.2 in head sea ((3=180°), Fn=0.0 in bow quartering sea ((3=120°) and F n= 0.2  in 
beam sea ((3=90°). The results against the non-dim ensional wave frequency, coe^(L /g), are 
presented in F ig .4 .14-4 .22. The contributions of Froude-K rylov force are also show n in 
the figures.
The experim ental results are only available for heave and pitch m odes in head sea at 
F n=0.2, sw ay, heave, ro ll and pitch in bow quatering sea at Fn=0.0 . T herefo re the 
com parisons are only m ade for these modes.
All the results show the present predictions agree with the other 3D results very 
well w hich fu rth er confirm s the present num erical procedure. The d iscussion  ot the 
com parisons with experim ents and other theoretical results follows.
Hea d  seas
From  Fig .4.14-4.16 it can be seen that the diffraction com ponents reduce the wave 
excitation in all the vertical modes, i.e. surge, heave and pitch. The Froude-K rylov torces 
dom inates the total wave excitations in surge and heave m odes, but the diffraction forces 
give the m ost im portant contribution to the pitch m om ents since the diffraction pressure at
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the two ends is m ore sensitive to the pitch moments rather than surge and heave forces.
F ig.4.15 and 4.16 show the exciting force and m om ent predicted by 3D theory are 
closer to the m easured  values in the range o f low frequencies at Fn=0.0, but at h igher 
frequencies the strip theory results appear better. In fact, in spite of these differences and 
those found in hydrodynam ic coefficients both 3D and strip theory predict sim ilar heave 
and pitch responses, as shown in Fig. 4.24 and 4.25. At Fn=0.2 the 3D theory gives better 
results than strip theory.
Bo w  qua r ter in g  seas
The bow  quarte ring  sea results are represented from  F ig.4.17-4.19 for Fn=0.0. 
C om paring the resu lts  fo r vertical m odes (surge, heave and pitch) w ith lateral m odes 
(sway, roll and yaw ), it can be found that the diffraction effects on the lateral m odes are 
much more significant than those on the vertical modes. Unlike in the head sea the Froude- 
Krylov predic tions are clearly  inadequate and the results show the d iffraction  effect is 
important even in the vertical modes.
A t zero speed, the 3D theory predicts heave and pitch excitation  better at all 
frequencies. For the sway force, the 3D results agree well with the m easurem ents. For the 
rolling m om ents the 3D predictions are significantly closer to the m easurem ents than those 
obtained by strip theory  but the level of agreem ent is not as good as those in the other 
modes. For the yaw m om ents their is little to choose between 3D and strip theory.
B ea m  seas
The beam  sea resu lts are show n in F ig .4.20-4 .22 for sw ay, heave and roll at 
Fn=0.2. It can be seen that the Froude-K rylov forces predictions are inadequate. For the 
roll moments the diffraction force gives the largest contribution.
Two 3D results agree well each other but are much higher than the predictions by 
strip theory. The difference increases as the frequency increases just like was found in the 
bow quartering sea but m ore markedly. This is caused by the underprediction of diffraction
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in strip theory. Diffraction increases in effect as the frequency increases.
4.1.4 M o t io n  R e sp o n s e s
The theoretical results of hydrodynamic coefficients and wave excitation calculated 
previously were used in the coupled motion equation described in the C hapter 2 to predict 
the coupled responses of the m odel in six degrees of freedom . The viscous effect in roll 
dam ping has been taken into account. The results o f the responses are shown in F ig.4.23- 
4.31. The com parisons am ong different theories and experim ents are m ade for different 
wave heading, w ith and w ithout forw ard speed.
H ead  seas
The re su lts  fo r Fn=0 .0  and Fn=0.2  are show n in F ig .4 .23-4 .25 . T he surge 
responses get the m inim um  value near coeV(L/g)=2.75 at Fn=0.0 and coe^(L /g )= 3 .75  at 
Fn=0.2 w here the surge excitations had their the m inim um  value. W hen the frequency 
approaches to zero the surge responses should theoretically  approach to infinity  due the 
zero stiffness in the surge m ode of the motion equation but this limiting value is not shown 
in Fig.4.23. At the low est frequency calculated, coe^ (L /g )= 0 .5 , the surge responses still 
give the reasonable values. The non-dim ensional heave responses approach to 1.0 while 
the frequency approaches to zero because the the heave wave exciting force equals to the 
heave stiffness, C 33=pgA \v , at zero frequency. The natural frequency o f heave is about 
cotV(L/g)=3.25, the natural period is about 1.08 sec.. The non-dim ensional pitch response 
approaches to 1.0 at zero frequency. The reason is sim ilar to the heave response. The pitch 
stiffness C 55 equals to the pitch wave excitation when the frequency approaches to zero and 
the coupling coefficients of stiffness and wave excitation for heave-pitch cancel each other. 
The pitch natural frequency is about C0eV(L/g)=3.75 and its effect is not as obvious as heave 
natural frequency because the wave exciting m om ent is small at this frequency.
B ow qua r ter in g  seas
The responses in six degrees of freedom  with Fn=0.0 are shown from Fig.4.26- 
4.28. In the bow quartering seas, all the non-dim ensional responses in vertical m odes, i.e. 
surge, heave and pitch are less than those in head sea. For the lateral m otions, the roll 
natural frequency is near o)cV(L/g)=2.25 w hich gives obvious coupling effect on sw ay
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responses.
Beam  seas
The sw ay, heave and roll responses are represented in Fig.4.29-4.31 These are the 
worst cases for sw ay and roll m otions. The sway responses should theoretically  becom e 
infinite due to the stiffness is zero, but this does not appear at the lowest frequency calculated. 
The roll response changes the phases by 180° when the frequency is changed from  low er 
than its natural frequency to higher than it. The coupling effect betw een sw ay and roll is 
significant.The predictions by all the theories agree well each other in sway and roll m odes 
but there is no experim ental data available.
4.2 S ta ndin g w a v e  p h e n o m en o n
4.2.1 Twin  C y l in d er s
The panel m ethod has been m odified by using the sym m etric properties of G reen's 
function and the body geom etry, so it is necessary to validate it for the tw in or m ulti-hull 
bodies. Here a sim ple twin hull cylinder is first considered.
At the early stage of the SW A TH  program  in DTNSRDC, the experim ental studies 
on a forced oscillation  o f tw in cylinders with small w ater plane area were carried out by 
Gerzina. The forced oscillation was made independently in heave, sway and roll modes and 
several am plitude o f oscillations were used to check the linearity. Later Lee, Jones and 
Bedel^12  ^ calculated the added mass and dam ping coefficients for those m odes by 2D strip 
theory, the Frank close-fit method^1-^  was employed.
The m odel is shown in Fig.4.32 with the length of 2.0m, the radius of one hull of
0.1015m and the distance between the centre lines of the two hulls varies for three values,
1.e. 0.61m , 1.016m  and 2.0m . The first two distances were used by G erzina and also 
em ployed in present calculations. The 164 panel elem ents were used to present the hull 
form as shown in Fig.4.32. The results given by Gerzina have been scaled to com pare with 
the present non-dim ensional values .
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In this section  the present predictions of added m ass and dam ping in sw ay and 
heave m odes w ere first com pared with the 2D and experim ental results to validate the 
theory for tw in hull bodies. T hen the results based on the twin hulls approach were 
compared with the dem i hull results to investigate the hydrodynamic interaction between the 
two hulls.
I. H y d r o d y n a m i c  coeff ic ients
The added m ass and dam ping coefficients of the twin cylinders with B=0.61m  and 
B =1.016m  w ere ca lcu la ted  by 3D theory and are shown in F ig.4.33. The present 3D 
results are com pared w ith both experim ental and 2D results for added m ass and dam ping 
coefficients for sway and heave modes. The com parison shows that both theories correlate 
with the m easured  data  well for this special m odel ('2D ' m odel), but the 3D results still 
show the relatively better correlation in heave added mass prediction than the 2D results. It 
is also clear that the dam ping  coefficien ts predicted  by both theories are low er than 
experim ental values this is considered to be caused by the viscous effect. As explained in 
the Section 4 .3 .3 , the dam ping  coefficients involved in the vertical plane m odes play a 
sensitive role in p red ic tion  o f heave and pitch m otions. The dam ping obtained by the 
potential theory for a small am plitude of oscillation produce exaggerated peak amplitudes of 
m otion at the natu ral frequencies, com pared with the m agnitude m easured in m otion 
experim ents in regular waves. Therefore the viscous effect m ust be taken into account for 
predicting the m otion o f the SW ATH type of ships.
The m ost strike feature o f the results in Fig.4.33(a) is the discontinuity  at non- 
d im ensional frequency  co2(ro/g)=0.65, w here A,/Bj=2.0 (Bj is the distance betw een the 
inner boards o f the tw in hulls) for the sw ay m ode, w hich is due to the effect o f the 
asym m etric m ode o f standing waves between the two hulls. It is interesting to note that the 
dip in A 33 at O)2r0/g = 0 .1 8 , w here X /Bj=4.0, was stated by Lee and C urp h ey [14] to be 
caused by the m utual blockage effect between the twin hulls. H ow ever the present studies 
show this d ip  is caused  by the sym m etric s tanding  w aves, such a dip has been 
experim entally confirm ed by Lee, Jones and C urphey[15] for a conventional catam aran. In
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Fig.4.33(b) there is a peak in heave added mass at co2ro/g=0.7, where X/Bj=1.0, w hich is 
caused by the second vertical standing waves. G enerally the two theories underpredict the 
heave dam ping B 33 because o f the viscous effect. At low er frequencies the strip theory 
does better than 3D theory.
II. H y d r o d y n a m ic  interaction between the two hulls
For better understanding the hydrodynam ic interaction between the twin hulls, the 
com parison o f the hydrodynam ic coefficients between dem i and twin hull approaches are 
presented in Fig. 4.34. The dem i hull results are obtained under the assum ption that the 
hydrodynam ic in teraction  betw een tw o hulls are neglected, so the resu lts are sim ply 
obtained by two tim es the results of the single hull. In heave m ode, the two results agree 
well except at those at the frequencies w here the standing w aves occur. This m eans the 
hydrodynam ic in teraction  is w eak in the heave mode. Sim ilar features were also found in 
the other vertical m odes, i.e. surge and pitch. W hereas the differences in sway m ode are 
much clear. The effect of the standing waves at co2ro/g=0.65 can not be seen in the demi 
hull results. The sw ay dam ping B 22 predicted by dem i hull theory is nearly  as tw ice as 
those by the twin hull theory. The com parison showsthat the dem i hull theory is inadequate 
to predict the added m ass and dam ping for sway mode, and the other transverse m odes, 
roll and yaw. The results are not shown here.
4.2.2 T h e  S ta n d in g  W aves
W hen a tw in hull surface piercing vessel oscillates in the free surface or in the 
incident waves, the radiation or diffraction waves generated on the one hull will transfer to 
and reflect back from  the other. At certain com bination of the frequencies and the distance 
between the inner boards o f the twin hulls, the w aves transform ed and reflected  in the 
vicinity of the twin hull have the same phase which causes the so called 'resonant wave' or 
standing wave'. This fluid interaction is verified the experim ents on the SW ATH m odel by 
M c G r e g o r ^ l  j h e experim ent show s that the standing wave can m akes the wave 
am plitude in the vicinity o f the two hulls 3-4 tim es the incident wave am plitude, and at 
same time it produces the m axim um  wave loads on the hull structure and large m otion 
responses. It significantly  effects the hydrodynam ic feature of twin hull ships. In order to
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investigate the hydrodynam ic effect of the standing waves, the twin cylinders, as shown in 
Fig.4.32, was system atically  analysed by varying the spacing between the twin hulls using 
3D d iffraction theory . T he d istance betw een the tw in hulls, B, was varied for three 
different values B =0.61m , 1.016m  and 2.0m , i.e. B /L=0.305, 0.508 and 1.0. The results 
are shown in F ig .4 .35-4.50. In order to discuss it is appropriate to divide the standing 
waves into two different types since they have different features.
I. S y m m e t r i c  s ta nd in g  waves
The sym m etric standing waves are generated at certain frequencies by the oscillation 
of the tw in hull in the vertical m odes or under the action of the sym m etric incident waves 
(or sym m etric part o f the incident w aves). In these cases, the radiation and diffraction 
standing w aves betw een  the tw in hulls are sym m etric about the centre line w ith the 
maximum am plitude on it.
II. A s y m m e t r ic  s tand in g waves
The asym m etric  s tand ing  w aves are generated  at certain  frequencies by the 
oscillation of the tw in hulls in the transverse m odes or under the action of the asym m etric 
incident w aves (or asym m etric  part o f the incident w aves). The both rad iation  and 
diffraction standing waves are asymmetric about the centre line with zero amplitude on it.
4.2.3 The Inf luenc e o f  the Standing Waves
G enerally , the standing waves influence the hydrodynam ic features of twin hull 
ships in three different ways.
- in troducing  rap id  changes in the curves o f added m ass from  m axim um  to 
minimum, som etim es negative added mass,
- producing the peak values on dam ping coefficients, and
- producing the peak values on the wave exciting torces.
The influences result the m axim um  wave loads on the twin hull ship structure, large 
motion responses and serious upwelling phenom enon.
The influences o f the sym m etric and asym m etric standing waves are clear in the
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results shown in the F ig .4.35-4.50. From  the results, it can be seen that the effects of 
standing w aves generally  decreases as the spacing between the two hulls increases. 
Theoretically  there are infin ite num ber of standing waves could occur, but in present 
calculation only the first tw o sym m etric and asym m etric waves can be seen. The results 
also show that the effect o f standing waves decrease significantly as the standing wave 
frequency increases, so in practice only first few standing waves with low frequencies are 
of interest. The d iscussion  w ill be m ade in detail in follow ing text. The corresponding 
frequencies of the sym m etric and asym m etric standing waves are indicated by C0ei and 0^2 
respectively. The values o f C0ei and C0e2 for varying B/L are listed in the Table 4.2.
I, Effect  o f  s ta nd in g  waves  on hydrodynam ic coeff ic ients
W hen the tw in hull body oscillates at the frequencies (Oe i> the sym m etric radiation 
standing w aves occurs and it only effects in the hydrodynam ic coefficients in the vertical 
modes, which is clearest in heave mode. The heave added m ass A 33 attains a m inim um  at 
first sym m etric standing w ave and has a jum p at the second one. There are corresponding 
peaks on the curves o f the heave dam ping B33 (see F ig .4 .3 6 ).G enerally  th is effect 
decreases as the B /L value increases. For the m ost separated case of B/L=1.0, the influence 
of the second vertical standing waves is much less than those in the other two cases.
The asym m etric radiation standing waves at (Oe2 introduce peak values in the added 
mass curves in all the transverse m odes, i.e. A 22, A44, A66 and A 24. these are rapidly 
changed from  the positive m axim um  to the m inim um  values (possibly negative). The 
standing wave frequencies, coC2, appear to be the turning point. The corresponding ettect 
on the dam ping coefficients, B2 2 , B4 4 , B6 6  and B2 4 , r e s u l t s  in p e a k  v a lu e s  of a ll  th e
transverse m odes, as shown in F ig.4.38-4.41.
The peak values o f the dam ping caused by sym m etric and asym m etric standing 
waves are physically  reliable since the dissipation of the energy through surface waves 
dispersion is partially prevented when standing waves occur.
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II. Effect of standing waves on wave excitation 
Head sea
In the head sea, the incident waves are sym m etric about the centre line, so only the 
symmetric diffraction standing waves could occur. In the Fig.4.42, the sym m etric standing 
wave at coe i produces peaks on the curves of wave exciting forces F2P and F2S acting on 
the port and starboard sides of the vessel, these are 180° out of phase each other and tend 
to split the tw in hulls. A sim ilar influence can be seen on the curves of F4P and F4S as well 
(Fig. 4.43)
In beam  seas, the results are more interesting. The incident waves in this case are 
neither sym m etric nor asym m etric about the centre line. From Fig.4.47, it is clear that both 
sym m etric and asym m etric diffraction standing waves at coei and coe2 influence the wave 
exciting forces F2P significantly . The first peak on the curve F2P is introduced by the 
sym m etric d iffraction  standing waves at coe i This produces the m axim um  side force and 
bending m om ent on the cross-deck  structure, and the second peak by the asym m etric 
diffraction standing  w aves at coe2 w hich produces the m axim um  wave exciting  forces 
contributing to the m otion responses. In order to understand the features o f these two 
different d iffraction standing waves, it is appropriate to divide the incident wave and the 
diffraction wave potentials into sym m etric(even) and asym m etric(odd) parts. The incident 
wave potential is given in Eqn. 2.7, i.e.
<j>0= -  —  e x p  [k z  + ik ( xcosp + ysinp )]
Beam sea
co (4.1)
where
£kz + ikxcosp j cos ( kysinp )
and
kz -i- ikxcos
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The diffraction potential is defined by the boundary conditions
Since <})D=4>De+ <i>D0,
9<J)p 9(1)®
3n dn
on S (4 .2)
3n 3n
The part o f the incident wave associated with the potential <J)oe is called the even 
part of incident w ave, and associated with ({)d0 the odd part.In head sea only (j>De rem ains, 
so only sym m etric d iffraction  standing wave could occur. In beam sea or other heading, 
both <j>De and (J)d° are generally  non-zero. The two boundary conditions in Eqn.(4.2) could 
make the diffraction waves which are generated on the one hull transfer and reflected back 
from the other have the sam e phase in the vicinity of the twin hulls at certain frequencies, 
This m eans that both sym m etric  and asym m etric standing w aves could  occur. The 
prediction of the force F2P in Fig.4.47 has confirm ed this phenom enon.
The Fje(even p an  o f the force Fj) has the sam e am plitude and sign (sam e phase) 
acting on the port and starboard sides of the vessel, whereas Fj°(the odd part o f the force 
Fj) has the sam e am plitude but opposite sign acting on the port and starboard sides of the 
vessel. The Fjc and Fj0 on the right side hull can be obtained from following formulae.
J  ( (j^ + <J>®) n. ds 1=1,3,5
SR
(4 .3a)
s R
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where Sr is the wetted surface area of the right hull.
The sym m etric standing waves at coei are only associated with the even part of the 
diffraction potential (j)De, so they produce peak values on the curves of F3e , F20, F40 and 
F6°, as show n in F ig .4 .48-4 .49. Specially, F2° is the force tending to split the hulls and 
produces the m axim um  bending m om ent at cross deck structure at coei - The asym m etric 
standing w aves at coe2 associate w ith the odd part o f the diffraction potential b o 0, so they 
produce the peak values on the curves of F2e, F4e, F6e and F30 etc., as shown in Fig.4.48- 
4.49. The F2e gives the m axim um  total exciting force contributing to its motion.
It is in terest to note that all the even forces Fie, for i= l - 6 , only contribute to the 
motion responses o f the ship, w hereas all the odd forces Fj0, for i= l -6 , only contribute to 
wave loads on the ship structure. In this section, the results have shown the im portant 
effect of standing w aves on the hydrodynam ic coefficients, wave excitations of the twin 
hull body. In the next section and Chapter 6 , the investigation will be made on its effects on 
the motion responses and waves loads respectively.
4 .2 .4  S ta n d in g  w av e  f re q u e n c y
It has been suggested  that the standing wave frequencies for two parallel surface 
piercing cylinders with infinite length may be obtained by following form ula 1^71
B. n 1 n=0.5, 1.5, 2.5, ... for assym m tric standing waves
n = l,  2 , 3 , . . .  for sym m etric standing waves
(4.4a)
CD -
2 k  n 
B
2 j  n - 1 , 2 ,  3 ,...  for sym m etric standing w aves
^ n = 0.5, 1.5, 2.5, ... for asym m etric standing waves
(4.4b)
This form ula based on the assum ption that 'the wave generated between two cylinders is 
symmetric or asym m etric and that at each end the wave slope is zero.
The above conjecture for symmetric mode is drawn from the 2D interference studies 
conducted on sim ple sections prim arily regarding the heave mode^12’17’18l  D ata for surface 
piercing strut or colum n type bodies in asym m etric modes was found generally scarce^19!. 
This feature was confirm ed by present study.
The standing  w aves frequencies o f d ifferent spacing betw een the tw o hulls are 
listed in Table 4.2. The results show that when L/B value becomes large, the values for the 
second sym m etric standing waves approach to 2 .0 , for the first asym m etric standing waves 
approach to 1.0 and for second asym m etric standing waves are around 0.67. This is close 
to that estim ated by Eqn.(4.4).
On the o ther hand,the results in Table 4.2 also show the strong 3D effect on the 
first sym m etric standing waves. For different L/B values, X/Bj varies significantly  from 
about 3.0 to 6.5. The concept o f wave reflection between the two hulls in transverse 
direction is difficult to explain why the X/Bj value of this standing wave is not integer. In 
order to understand this phenom enon the further discussions are m ade as follows.
4.2.5 Discussions on transverse and longitudinal standing waves
The above d iscussions on standing w aves are based on the concept o f wave 
reflection between the two hulls in transverse direction. This explanation was used in many 
papers of two dim ensional theories in which only the transverse wave interaction between 
the two hulls can be considered, and also used by Price and Wu^2-^ to explain the three 
dimensional standing wave phenom enon in the vicinity of the twin hull sem i-subm ersibles.
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Table 4.2 Frequencies of standing waves of the twin cylinders
B/L 1.0 0.508 0.305
B(m) 2.0 1.016 0.61
B;(m) 1.873 0.889 0.483
co ei (rad ./see.) 3.322 4.153 4.429
1 coclV'(L/g) 1.5 1.875 2.0
C/2 (Long.) X(m) 5.585 3.574 3.142
CJ
•fi<u
>03
£
X/Bi
X/Ls
2.982
3.103
4.020
1.986
6.505
1.746
£
h>, •3
C/O c3 co ei (rad ./see.) 5.814 8.305 11.07
C/2 2 w eiv(L/g) 2.625 3.75 5.0
(Trans.) X(m) 1.823 0.894 0.503
X/Bi 0.973 1.006 1.041
coe2 (rad./sec.) 4,983 6.090 8.028
C/2<D 3 (oe2V(L/g) 2.25 2.75 3.625o
'C
>03 (Trans.) X(m) 2.482 1.662 0.956
<D
£
£
£
to
X/Bi 1.325 1.870 1.979
■5
< £ coC2 (rad./sec.) 10.24 13.17
4 C0c2V(L/g) 4.625 6.125
(Trans.) X (m) 0.587 0.335
X/Bi 0.660 0.694
From the com putational results in this thesis, one can find that the X/Ls values of 
the 'so called' first sym m etric standing waves for different L/B are close to 2.0, where L s 
is the length of the strut, Eatock Taylor and H ungl24! also confirm ed this by investigating 
upwelling in the vicinity of SWATFI ships with both single and tandem stmts. Their results 
are given in Fig.4.50. The characteristic of the antinode at the centre and a node fore and aft 
near the stm t extrem es. This condition is physically realistic for two reasons: Firstly the 
V L S is close to 2 .0 , and then the locations of node and antinodes at these points will satisfy 
the expected sym m etric flow conditions. This behavior is rem iniscent of a channel with
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open ends, in which resonant m odes exist at
A -  = - ,  n = l , 2 , .........  (4 4 c )
S
This type o f standing w aves are term ed 'longitudinal standing waves' here.
The present study suggests that the wave interaction in the vicinities of the twin hull 
ships could occur in both transverse and longitudinal direction. At the lowest frequency the 
longitudinal standing w aves usually  occur and cause the m ost serious upw elling and side 
force acting on the twin hull structures. W hile at higher frequencies the wave interactions in 
transverse direction are often dom inant, so the transverse standing waves are usually  seen. 
T heoretically  there are in fin ite  num ber o f standing w aves, but their effec t decreases 
significantly  as the stand ing  wave frequency increases. Therefore only the first few  
standing w aves with the lowest frequencies have serious effect and are of prim ary interest.
A bove conclusions are m ade prim arily  based on the results o f the com putations, 
they still need  sy stem atic  experim en ts to confirm . If  the conclusions are true , the 
longitudinal standing w aves, w hich usually produce the m ost serious upw elling and side 
forces on the structure, are purely three dim ensional effect and difficult to be predicted by 
any two dim ensional th e o ry .
4.3 A S W A T H  S H IP
The SW A TH  (Sm all W aterplane A rea Twin Hull) ships have attracted increasing 
interesting since the last decade and now receiving considerable attention. A m ong many 
advantages over conventional m ono hull vessels, a m ajor attraction is superior sea keeping 
perform ance at a seaw ay and little speed reduction in waves. A com prehensive review  of 
SWATH ships has been m ade by McGregor^20!.
In this section , the 3D hydrodynam ic analysis is perform ed on a tandem  strut 
SW ATH ship . T he d iffe ren t w ave head ing  and forw ard speeds w ere considered . 
Parametric investigations include hydrodynam ic coefficients, wave exciting  forces and 
motion responses o f the twin hulls. The effects of standing waves are specially discussed.
The viscous effects are taken into account by a semi em pirical iterative m ethod. The 
comparison has also been made with the results from 2D predictions and the experim ents.
The m odel is show n in Fig.4.51 with the principal particulars listed in the Table 
4.1. The m odel was represented by 356 panel elements.
4.3.1 H y d r o d y n a m i c  C oeff i c i en ts
The hydrodynam ic coefficients calculated by 3D theory are shown in the Fig.4.52- 
4.63. The results are represented  in two groups, vertical m odes (surge, heave and pitch) 
and the transverse m odes (sw ay, roll and yaw) including their coupling term s as well. In 
the present theory, the only speed dependent hydrodynam ic coefficients are in pitch and 
yaw and their coup ling  m odes. Therefore only these speed dependent coefficien ts are 
shown in tw o different cases associated with the Froude num bers of Fn=0.0 and Fn=0.261 
(i.e. U =0.0m /s and U =1.0m /s). The others are all speed independent. From  the G reen 's 
second identity , it can be proved that at zero speed Ay=Ajj and By=Bjj, but in practical 
numerical calculation this can not be satisfied absolutely. The double curves in the coupling 
coefficients at zero speed indicate the error of the calculations. One curve represents Ay or 
By and the other Aji or Bjj.
I, Vert ical  osc i l lat ions
In the first group of results Fig.4.52-4.57, vertical m ode coefficients are presented. 
The most distinct feature in those results are the effectsof the sym m etric standing waves at 
cocV(L/g)=3.875, the corresponding Xc/B^O.937 (^ e=27tg/(jOc2)- Since the twin hull of the 
SW ATH m odel is quite separate and there also is a gap between the two struts on the same 
hull, the standing w ave effect is not as strong as those in the case of the twin cylinders 
discussed in the S ection  4.3 and the effect o f the first vertical s tanding  w ave on 
hydrodynamic coefficients is not visible.
At Fn=().() the standing wave at wcV(L/g)=3.875 introduces the m inim um  values on 
the curves o f  A n ,  A 3 3 ,  A 5 5  and A 3 5  and the peak values on the corresponding dam ping 
terms B n , B 3 3 ,  B 5 5  and B 3 5 .  For the A 1 3 ,  A 1 5 ,  B 13 and B 1 5  the influences of the vertical
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standing w aves are in different direction because the values o f these coefficients seem up 
side down from  the former.
It is in teresting  to note that the forw ard speed does not change the encounter 
frequencies of the standing  w aves which stay at coeV (L/g)=3.875 at Fn=0.261. This is 
expected (see Table 2.1) because the speed dependent terms of the coefficients are based on 
the corresponding zero speed coefficients which all have rapid changes at the frequency of 
the standing w aves. T he w ays in w hich the standing wave exert an influence are also 
dependent on the speed dependent term  o f each coefficient. For exam ple, the speed 
dependent term s of A 35 and A 53 are -(U/coe2)B 33° and +(U/coe2)B 33°, where the B330 
indicates the correspond ing  value of B 33 at zero speed, so the peak of B 330 at standing 
wave frequency  resu lts  m in im um  or m axim um  values on the curves o f A 35 and A 53 
respectively .The result satisfies the Tim m an-N ewm an relationship.
The dashed lines in the dam ping coefficients indicate the dam ping coefficients 
including viscous effect. This is predicted by a sem i-empirical iterative method presented in 
the Section 4.3.2. B ecause the viscous effect is motion dependent, the present results were 
obtained by assum ing the SW A TH  m odel under the bow quartering sea ((3=135°) and the 
wave am plitude of 0.02m . In fact, if  the wave heading and am plitude are changed the 
results do not change significantly  except those near the m otion natural frequencies. The 
dam ping coefficients show  that the viscous dam ping gives a considerable contribution to 
the total dam ping except at the frequencies of the standing waves. As discussed previously, 
at frequencies of standing w aves the standing waves can cause very large wave dam ping 
which dom inates the total dam ping, so the viscous contribution is relatively small. In the 
lower and m iddle frequency  range w hich is the range o f practical interest, the viscous 
damping dom inates the B33, B55 and B35. As show n in the motion responses for vertical 
modes, the v iscous effect in fluenceuhe m otion responses significantly  near the m otion 
natural frequencies.
II, T r a n s v e r s e  osci l la t ions
The resu lts o f the transverse m ode coefficients are shown in F ig .4.58-4.63. The
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two asym m etric standing waves are evaluated to be at WeV(L/g)=2.875 and coeV(L/g)=4 .5 , 
corresponding to A,e/Bj=T.425 and 0.695, Com paring the B/L value of the present tandem  
strut m odel w ith those in Table 4.2, the corresponding value of for the standing 
waves are justifiable. The both standing waves in the present results produce rapid changes 
from the m axim um  values to the negative m inim um  on the curves of A 22 and and the 
coC2 seems to be the turning point. The standing waves also produce peak values on the 
damping curves o f B 22 and B66 at Fn=0.0 and Fn=0.261. For all the A 44, A 24, B44 and 
B24, the standing w aves in troduce maxim a. The results show that the standing waves 
effect the hydrodynam ic coefficients in transverse modes significantly.
The total dam ping including the viscous effect is also presented in the in the same 
figures. In contrast to those in the vertical m odes, the viscous dam ping in transverse modes 
is much less significant. A lthough the viscous dam ping in transverse m odes has the same 
order of m agnitude as those in vertical m odes , its contributions to the total dam ping is 
limited because the potential wave dam ping is an order higher than in the vertical modes. In 
Fig.4.61, it is seen that the wave dam ping in roll m ode B44 is m uch less than B 22 and B55, 
so the viscous effect is clearer. At forw ard speed, the results p red icted  by present 3D 
theory satisfies the Tim m an-N ew m an relationship.
4.3.2 V isco us  Effect
The viscous effect due to drag has been discussed in detail for SW A TH  ships by 
Lee and C urp h ey l14  ^ in five degrees of freedom . Their m ethod is based on the em pirical 
formula given by Thwaites*2^  from the crossflow approach to a slender body at a moderate 
angle of incidence in a uniform  flow. In order to extend this approach to the six degrees of 
freedom for SW A T H  ships or other type o f sem i-subm ersibles (for exam ple, the sem i- 
submersible crane barge in the C hapter 5). The structure is divided into two sets of strips 
parallel to the x and z axes. Then suitable pointson each strip contour are chosen as 
representative point for evaluating the relative velocity. Based on the crossflow approach, a 
pseudo-steady-state assum ption has to be made to apply the m ethod to an oscillatory body 
and the viscous interaction between the twin hulls is neglected. Then the viscous forces and 
moments due to drag in six degrees may be approximated as
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AFd i  = 0 .5 p A S 1C D4rll4rll
A F d 2 = 0 .5pA S2 [ U2a o a i(x )  + C d ^ I ^ I  ] 
AFd3 = 0 .5 pAS3 [ U2aoCt2(x) + Co4r314r31 ]
and (4 .5 )
FDi = £AFDi for i= l ,2,3
Fd4 = - £ zA F d 2 + 2yA FD3 
Fd5 = - ZxAFd3 + ^zAFdi 
F d 6 = - ^yA FD i + Ix A F D2
where the tw o parts o f the viscous effects involved in the crossflow  approach are the 
v iscous lift (assoc ia ted  w ith the v iscous lift coefficien t ao) and the crossflow  drag 
(associated with the crossflow  drag coefficient C d). The AS] is the projected area of the 
strip along z axis in x direction, and AS2 and AS3 are the projected area of the strip along x 
axis in y and z directions respectively, £r l , ^r2 and ^ 3  are relative velocity com ponents in 
the x, y and z directions. AFdj indicates the elem ent of viscous force in ith direction, and 
oci (x) and ot2(x) are the angles o f incidence of flow at the representative point of a strip in 
x-y plane and x-z plane.
It is clear the viscous lift forces only act on the body in y and z directions with the 
angles of incidence a i ( x )  and 0C2(x). Since a j(x )  and oU x) are small, the diffraction effect 
is neglected. The relative velocity components in x, y and / directions can be written as
^r2 = - i l  -  x4s + z4 * + Cy
^ 3  = - ^3 -  y^4 + X^5 +
(4.6)
where the velocity com ponents of a wave particle in x, y and /  directions are
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0<j)
r' T0 - icot
^ =  e
x a x
3 ( j )r' 0 - KOt
Cy= — e
y a y ( 4 . 7 )
a<$)y' 0 - iCOt
L, =  e
z a z
where
3<t>n
ax
ay
cosp
sinp
a co exp [ ik  ( xcosp + ysinP ) J exp ( kz
a<j) r 1
-g-2- = - iaco exp [  ik (xcosp + ysinp ) J exp ( kz
t 2
a i (x) = T T - ^
r3
a 2(x) =  — + ^
(4.8)
In the foregoing expressions, Eqn.(4.6), the crossflow  drag term s are nonlinear, 
hence, they can not be d irectly  in troduced into the linear m otion equations. By using 
Fourier Series, it can be shown that
cosG | co s0 | = ^  a ^  j cos( 2n-l )0
n= 1
where
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an — 0 
a = ( - 1  )
n + l  
~ 2
n ( n - 4 ) 7i
for n even
for n odd
a i =  —  ’ *3 = -------
3 k  15tt a5 = 105ti
Taking the first term  yields an equivalent linear approximation
COS0 cos0  = —  COS0
371
and for any harmonic motion given by x = xocoscot, the approximation is
• I . I 8
x I x I =
371
CO XQ X (4.9)
Substituting (4.6) and (4.8) into (4.5) and applying the equivalent linearization procedure 
of equation (4.9) gives
AFD , = - P A S,C D ^ rl
AFD2 = T P AS2 (4 .10i
AFM  = 2 pA 'S
" a 0 U  3  +  a 0 U ^ r 1  +  2 ^ 3 ) 3 ' ' 3 r l3 71
where ^r io, ^r20 and £r30 are amplitude of ^r2 and ^  and can be written as
^rl() c
Im (£ ,)
^r20 c Re (^ r2>
im (^r2) (4.1 n
= co ^r30 c Re ( ^ )
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Then the viscous force can be split into viscous dam ping, viscous restoring and viscous 
wave exciting force term s, i.e.
6
j = l -  - -  VJ
+ F . for i= l,2 ...6 , (4 .12)
where viscous wave exciting forces may be expressed as 
F = ^  a t  f
v l  x  t T O  ° x
F v 2  =
F v3 =
^ j  ay ^r20
az ^r30
F v4  y  a z ^ r3 0  ^ z  '  Z a y ^ r2 0  ^y
Fv5 = 2 Zax ^ r l 0 ^ x -S Xaz^30^ 
F v 6 = 2 X a y ^ 2 0 ^ y - X y a x ^ r l 0 ^
with
(4 .13)
(ax’V a4 =" r pcD(ASi’AS2’ASi )■J 3ti
All these v iscous term s are dependent on the m otion am plitude, therefore they will be 
determ ined  sim u ltaneously  with the solu tion  o f the m otion equation by an iterative 
procedure.
For the present SW ATH model to two hull are treated separately. The representative 
points o f the strips are chosen at the m iddle of the strip along z  axis for AS], the one-half 
draught o f  the strip along the x axis for A S2 and the centre of the sub-hull for the strip 
along x axis for AS3. All of them are on the centre line of the demi-hull.
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4.3.3 W a v e  exc i t ing  forces
The w ave exciting  forces and m om ents are calculated for three different heading, 
head sea ( (3=180° ), bow quartering sea ([3=135° ) and beam sea ((3=90° ). at Fn=0.0 and 
Fn=0.261 ( i.e. U =0.0m /s and U=1.0m /s ). The com ponents of F roude-K rylov force and 
diffraction force are also shown in the results. The abscissa is non-d im ensional wave 
frequency.
Head sea
F ig .4 .64 -4 .66  presen t the w ave exciting  forces in head sea w ith F n=0.0  and 
Fn=0.261. In surge forces, the Froude-Krylov force dom inates the total w ave excitation, 
but in heave and pitch, the effect o f diffraction com ponent is obvious. At coV(L/g)=3.875 
(or coV(L/g)=2.338 at Fn=0.261), there are peaks on all the curves of surge, heave and 
pitch forces which are caused by the symmetric standing waves.
B o w  q uar te r in g  sea
As shown in F ig.4.67-4.72, the diffraction in this heading is m ore significant than 
those in the head sea case. In the vertical m odes, it is clear that the vertical diffraction 
standing wave at coV(L/g)=3.875 (oh/(L/g)=2.615 for Fn=0.261 ) introduces peak values 
in surge, heave and pitch  forces. In the transverse m odes, the d iffraction com ponent 
contributes the largest part of the total excitation. At zero speed, the two transverse standing 
waves at cov(L /g )-=2.875 and at co>/(L/g)=4.5 produce peak values on the sw ay and yaw 
forces (F 2 and F<s). For roll m ode F4 , this effect is sm aller, but its influence on the 
diffraction com ponents is still clear in the results.A t Fn=0.261, it is interesting to note that 
the first asym m etric standing wave at ooV(L/g)=2.079 (corresponding  encoun ter wave 
frequency coc\/(L /g)=2 .875) influences a greater influence on F2, F4 and F6 than at zero 
speed. The effec t o f the second asym m etric  stand ing  w ave at a )V (L /g ) = 2 .9 3 4  
(corresponding encounter wave frequency cocV(L/g)=4,5) is much less significant than at 
zero speed.
Beam  sea
The wave exciting  forces at zero speed are shown from Fig.4.73-4.75. Because the
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model is nearly fore-aft body sym m etric, the surge, pitch and yaw forces are much sm aller 
than the o ther forces, so only the forces in sway, heave and roll m odes are shown here. 
The diffraction effects are m ore im portant in sway and roll than those in the heave. The 
symmetric standing wave produces a peak in heave exciting force at coV(L/g)=3.975. The 
asymmetric standing w aves at o>V(L/g)=2.875 and co>/(L/g)«4.5 cause the peak excitation 
values in the curves o f F'2 and F4.
4.3.4 M o t io n  r e sp o n se s
The hydrodynam ic coefficients and wave exciting forces/m om ents calculated in 
previous sec tio n s w ere in troduced  into the coupled m otion equations in six degrees 
freedom. The resu lts o f m otion responses in head seas(180°), bow quartering seas(135°) 
and beam  seas(90°) w ere com pared with experim ental and 2D strip theory results which 
were obtained from  the strip theory  program , SW A TH  L, developed by Atlar^22l  The 
results are show n in Fig.4.76-4.82. The com parison was also m ade for the forw ard speed 
cases in head seas associated  with Fn=0.13 (0.5m /s) and Fn=0.26 ( lm /s). The 3D theory 
has considered the viscous effects by the m ethod described in section 4.3.2, but 2D results 
are without the viscous effects.
Due to sm all w aterplane area and deep subm erged m ain hull, the SW A TH  ships 
usually  have sm all w ave dam ping  com paring  w ith m ono conven tional m ono hull, 
consequently the contribution from  viscous dam ping is very large. The viscous effects on 
motion resp o n ses  are show n in F ig .4.76. The results show  that the v iscous effects 
influence the m otion responses significantly near the motion resonant frequencies. W hen 
the viscous effects are considered the results are significantly im proved and agree well with 
experiments even in the range o f motion resonances.
H ead seas
The head seas results for different forw ard speeds are presented in Fig.4.77-4.79 
for surge , heave and pitch respectively . The surge responses predicted  by 3D theory 
generally  agree w ell w ith experim ental resu lts, but it fail to predict the peak near 
tteV(L/g)=1.0 sa tisfac to rily . T his peak is caused by the coupling  effect from  pitch
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resonance. It can be seen the pitch resonance is underpredicted as well. If the viscous effect 
is reduced, both pitch and surge responses near cOeV(L/g)=1.0 can be im proved. The 2D 
theory neglects the surge m otion, so no results can be predicted.
At zero speed, the heave and pitch responses from both 2D and 3D theories agree 
well with the experim ents,but 3D results are better than 2D. The predictions by 2D theory 
near the heave and p itch  resonant frequencies are too high. These can be reduced  by 
introducing the viscous effects. For forw ard speed cases, the difference betw een 2D  and 
3D theories is clear. In the case of Fn=0.13, the 2D results are clearly unsatisfactory. These 
results m ay be im proved  by including viscosity, but the 3D effect on this tandem  strut 
m odel is another reason,T he 2D results of pitch responses near its resonant frequency at 
Fn=0.13 m ay be im proved  by including viscosity, but the heave responses are already 
lower than the experim ental values and will be further reduced if viscosity is taken into 
account.
B ow  q u a r ter in g  seas
3D results for surge responses generally agree well with experiments and are underpredicted 
near coeV (L/g)=1.0 w here the peak is caused by coupling effect from  pitch resonance. The 
pitch responses predicted by 3D theory are lower than experim ents near its resonance, This 
is due to the too large viscous correcting term Reducing viscous effects, the responses of 
both pitch and surge can be im proved.The agreem ent between 3D results and experim ents 
for heave responses is good, but 2D results are poor in the im portant m edium  frequency 
range. The peak near coeV(L/g)=1.0 can be im proved by including viscosity, but this will 
further reduce the peak near (oe^(L /g)=1 .5  w hich is already underpredicted . The pitch 
responses predicted by 2D theory are too high at lower frequencies, at higher frequencies 
the 2D prediction agree well with the experiments.
In sw ay and yaw m odes, it is clear that 2D theory does not predict the m otion 
responses satisfactorily , but 3D theory does well, the 3D results for roll mode agree with 
the experim ent better than 2D results. The 2D results are too high at heave resonance and 
also in the range o f (OcV(L/g)=1.5-2.5.
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B eam  seas
The results from  the both 2D and 3D agree well with the experim ents except for the 
2D results near the roll resonant frequency. The overprediction by 2D theory on sway and 
roll responses near roll resonance is due to the lack of viscous effect.
It is in terest to note that the sw ay responses in beam  seas. The first peak near 
coeV(L/g)=1.0 is caused  by coupling effect from  roll resonance. The second peak from  
cocV(L/g)=2.5-4.0 is the result o f asym m etric standing waves. On the curve of sw ay wave 
exciting forces in beam  sea (F ig .4.73) there also is a peak in the sam e frequency range. 
This is produced by the standing waves and causes the second peak in sw ay responses. 
The experim ents have show n the this peak and the pred ic tions agree w ell w ith the 
experiments.
G enerally , both 2D and 3D theories produce satisfactory results in head and beam  
seas. The 3D results are better than 2D. The difference between the two theories occurs in 
quartering seas. In bow quartering  seas, the 2D results are generally  poor, specially  for 
sway, heave and roll m odes (at least for present m odel), but 3D results agree w ell with the 
experiments.
4.4 C o n c lu s io n s  
On validating the theory
1, From the very good agreem ent between the present 3D theory and the other 3D 
theory on hydrodynam ic coefficients, wave exciting forces and m otion responses of Series 
60 m odel, it can be concluded that the m odified num erical procedure is identical to the 
original one, but it increases the com putational efficiency considerably.
2, The 3D m ethod gives m ore realistic values for the low frequency hydrodynam ic 
coefficients unlike 2D theory which is restricted to high frequencies of oscillation. In spite 
of these d ifferences both 3D and 2D method predict motion responses which agree quite 
closely. T his is due to the fact that at low er frequencies, w here 2D and 3D theory d iffer 
most, the equations of m otion are dom inated by the stiffness and wave exciting terms.
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On standing w aves
1, S tanding  w aves occur at certain  com binations o f wave frequencies and the 
spacing betw een the tw in hulls. Its effect on the hydrodynam ic features o f tw in hull ships 
is significant and can be predicted by present theory satisfactorily.
2, Two types o f standing waves with different natures may occur in the v icinity  of 
the twin hull sh ips, i.e. longitudinal and transverse standing w aves. The longitud inal 
standing w aves occur at 2L sA = n a n d  transverse standing w aves occur at 2Bi/X=n, w here 
Ls is length o f strut, Bj is inner distance o f the twin hulls, X is the wave length and n is any 
integer num ber.
3, T heoretically  there are infinite num ber of standing waves could occur, but their 
effect decreases significantly  as the standing wave frequency increases. Therefore only the 
first few standing waves w ith the low est frequencies have serious effect and are of prim ary 
interest. The first longitudinal standing wave usually has the low est frequency and can 
therefore cause the m ost serious effects which may produce the m axim um  upw elling  and 
side forces on the structures.
4, The conclusions m ade for longitudinal standing waves are m ainly based on the 
theoretical ca lcu la tions. T herefo re , system atic experim ents are needed  to support the 
present find ing . If the find ing  is true, those long itud inal s tand ing  w aves are th ree 
dim ensional effects and subsequently  the three dim ensional m ethod should be used in the 
predictions
On S W A T H  sh ips
1, Both 3D and 2D strip theory can be applied for predicting m otion responses of 
SW ATH ships in w aves, but the 3D theory is m ore reliable. If only head and beam  seas 
cases are interesting, the 2D theory is acceptable. Otherwise if oblique seas are also need to 
be predicted, the 3D theory is recom m ended.
2, The v iscous effec t on SW A T H  ships can be p red ic ted  by com bin ing  the 
crossflow approach w ith present theory. This effect m ust be included in prediction the 
motion responses o f SW A TH  ships.
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C H APTER FIVE
PR E D IC T IO N  OF M O TIO N AND SLING TEN SIO N  
R E SP O N SE S OF CR A N E  VESSELS DUR ING  H EAV Y  LIFT  
O P E R A T IO N  IN R E G U L A R  W AVES
The m otion o f a crane vessel during heavy lift operation is quite different from that 
in its free floating condition since it is significantly influenced by the coupling between the 
motions of the vessel and the load being lifted. Consequently it is im portant in the design of 
such a vessel that an appropriate  m ethod w hich takes the coupled m otion effect into 
consideration is used to predict the m otion responses and sling tension force.
In the past, m any theoretical m e t h o d s ^ h a v e  been used to calculate the wave load 
and m otion responses of mono and twin hull ships, but very few papers have dealt w ith the 
crane vessel w ith the coup led  m otion effect. In this chapter the theoretical m ethod is 
modified to include the effect o f the coupled m otion in 8 degrees freedom  using a sim ilar 
approach a s ^ ,  but additionally  the viscous effect is taken into account. The results show 
that the viscous effect plays a sensitive role in the prediction of the m otion response when 
the coupled m otion effect is included, especially for the sem i-subm ersible type of crane 
vessels. Two typesof crane vessels, ship shaped and sem i-subm ersible, are analysed in this 
study, so 3D diffraction theory is the most suitable method.
In con trast to  the the SW A TH  ship or ord inary  sem i subm ersib le , the sem i 
subm ersible crane vessel has the colum ns w hich relatively short and the cross section 
dimension are sim ilar in size to the hull separation and the colum n subm ergence. The three 
dim ensional effect betw een the pontoon and the colum ns as well as the tw in hulls are 
dominated in this case, so the strip theory and the M orison approach are inadequate to use 
due to their lim itations, and the three dim ensional diffraction theory is believed to be the 
most suitable m ethod and used here to predict the hydrodynam ic forces on the subm erged
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part of the vessels.
Both m otion responses, w ith and w ithout the coupled m otion effect o f the load 
being lifted and the sling  tension force, are calculated. Som e of the results have been 
compared w ith the experim ents. The agreem ent is generally very good. The results show 
that such coupled m otion effects on the motion performance of the crane vessel are great. It 
is therefore considered  necessary in the design of crane vessels that the coupled m otion 
effect is taken into account when predicting the motion response.
5.1 M otion P red ic t ion  M ethod
5.1.1 M otion  o f  vesse l
In order to describe the m otion o f the vessel and the load being lifted, it is 
appropriate to divide the entire system  into two parts, the vessel and the load alone. Both of 
them satisfy N ew ton 's second law . Sm all wave and m otion am plitudes are assum ed in 
order to apply linear theory. A right handed Cartesian coordinate system  o-xyz with x-y 
plane in still w ater surface and z positive upward through the centre of the gravity is used. 
For the vessel, the six-degree-m otion equations with viscous effect may be written as
V  I" (M.. +  A.. ) £ .  +  (  B.. +  B .. )  t  +C.. i  1 =  F. +  F . + f.
jiu  |_ y y j y V1J j y j J i vi i
,i=i
i= l ,  2, ...6 (5 .1)
where M n is generalized inertia matrix o f the vessel alone. Ay, By and Q j are added mass, 
wave dam ping and hydrostatic restoring coefficients, F, is wave exciting force, BV1J and 
FV1 are viscous dam ping and viscous wave exciting force due to drag, i, j = 1,6 denote the 
motion m odes of surge, sway, heave, roll, pitch and yaw respectively, ^  = £,i0 e~10)t is the 
displacem ent of m otion in ith m ode with the am plitude of £,l0, and fj is the com ponent of 
the tension force on the sling cable, f, in ith direction about the origin.
5.1.2 M otion  o f  load
To describe the m otion o f the load relative to the coordinate system  o-xyz, two 
additional v a riab le s  cp j and (p2, the sw ing angles of the load about x, y axes, are 
introduced. If sm all sw ing angles are assum ed, the m otion equation of the load alone can
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be derived in x, y and z directions respectively, as
fcp2 + ml<p2 = m ( + x i i s  - X2^6 )
-f(pt - mlcpi = m ( \ 2 ~ X3^ 4 + Xi^6 ) (5.2)
f - m g  = m ( ^ 3 + X2^ 4 -Xi^5 )
where 1 is the cable length, Xi, X2 and X3 are coordinates of the jib  extrem ity in x, y and z 
directions and m is the m ass of the load. The dynamic tension on the cable is fd = f - mg.
5.1.3 M otion  o f  cou p led  system
S ubstitu ting eqn. (5.2) into (5.1) and taking account of different direction of the 
tension force f  acting on the jib and the load gives
j=i
i = 1, 2, ...6 (5 .3)
where ^Ri is the relative acceleration o f the load to the o-xyz in ith direction with
= U  Cp2, (pi, 0 )  fo r i  = 1 ,2 , 3
mid
£r« = H X1> X2, X3 ) x ( <p2> <Pb 0 ) for 1 = 4, 5, 6.
The exact relative acceleration in z direction, £,r3 = 1 ((pi2 + (p22 ), is a higher order term 
which has already been neglected in the formula. My and Cy are the inertia and restoring 
coefficient m atrices of the entire system  when the load is located at the top of the jib  
respectively.
The system  of equation (5.2) and (5.3) is solvable and also applicable for any type 
of crane vessels. In this chapter both ship shaped and sem i-subm ersible type of crane 
vessels are analysed, so 3D diffraction theory is adopted to yield the potential term s such ms 
Ay, By and F,. The 3D source-doublet distribution m ethod is used. T here are several
6 r
I
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detailed papers11’21 available for this method, so no description of it is represented here.
5.1.4 D y n a m ic  s l in g  tension
If the m otion responses are known, the dynam ic sling tension can be obtained by 
the last equation o f Eqn.(5.2).
5.1.5 V isco u s  e f fec t
The viscous term s, B Vy and Fvj play the sensitive role when the coupling effect 
between the vessel and the load is taken into account and m ust be considered. Two 
different em pirical m ethods are used for ship shaped and semi-submersible types of vessels 
separately.
For the ship shaped crane vessel the experim ents show that the peak values at 
resonant frequency  in roll m odel is not predicted correctly when the coupling effect is 
considered, therefore the viscous effect m ust be included in the prediction. In this study it 
was found that the ro lling  viscous dam ping BV44 is the m ost im portant term and the other 
may be neg lec ted . The B V44 can be estim ated by the m ethod of Ikeda, H im ena and 
Tanaka 4^1 which is com m on in prediction of viscous damping for mono hull ships.
The viscous effect on the sem i-subm ersible type of crane vessel is more sensitive in 
the vertical m odes than those on the ship shaped one. because its sm all w aterplane area 
makes it have sm all wave dam ping especially in the vertical modes of m otion ( heave and 
pitch ) and the contribu tion  of the viscous effect to the total dam ping becom es more 
important. The viscous effect due to drag has been discussed in detail for SW ATH ships 
by Lee and C urphey151 and M cGregor, et.al J 61 in five degrees of freedom. Their estimating 
method is based on the em pirical form ula given by Thw aites 7^1 from crossflow approach to 
a slender body. This approach has extended to the six degrees o f freedom  in order to be 
applied to the sem i-subm ersible crane vessel. The detail description has already given in 
section 4.3.2. For the present problem  the general equation in section 4.3.2 will be set tor 
special case that forw ard speed U = 0.0 and C o = 0.5
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5.2 Multi resonant frequencies
The resonant frequencies on the curves of motion responses of a crane vessel with 
the effect of the load being lifted do not coincide with those without such an effect and the 
natural frequency of the pendulum . The multi resonant frequencies may occur on one single 
mode of motion, therefore in practice it is important to predict such resonant frequencies.
To sim plify the problem , the coupling effects between surge and pitch, heave and 
pitch are neglected. The resonant frequencies o f the the coupled m otion system  can be 
obtained from equation (5.2) and (5.3), that is,
r*\ —_ JL_____—_________________11_____________
1.2 m «  (5.4)
2 ( 1 - —  55 x
M 55 + A 55
where coj; -  — , -  y- and m 55 = m 1^ ,  and cop is the resonant frequency of the
55 55
pitch m otion, coL is the resonant frequency of the pendulum , M 55 and C 55 are the pitch 
inertia and restoring coefficient of the entire system  respectively, and m 55 the pitch intertia 
of the load alone.
W hen n i55/(M 55+ A 55) = 0.0, the coj and CO2 equal to cop and cop respectively, that 
means the load effect is too sm all to effect the m otion responses of the entire system. The 
greater value of m 55/(M 55+ A 55), the greater differences between CO], 002 and cop, cop will 
be. One simple relationship can be adopted, i.e. 
coj < cop and cop < (1)2.
For the roll m otion, a sim ilar relationship can be found
( « * + < )  + _ / (  co2 - CO,2 ) + 4
CO = ----------------------^-----------------------------     (5.5)
1,2 m 44 S2 ( 1 - = —   )
M 44 + A44
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where (0^= ^  . , co^ = ^  and m 44 = m 13, and cor is resonant frequency of the roll
44 44
m otion, M 44 and C 44 are the roll inertia and restoring coefficient o f the entire system  
respectively, and m 44 is the roll inertia of the load alone. There is a sim ilar relationship, 
coi < cor and (Ol -  u>2.
In the com putation , the coupling effect between different m odes of m otions is 
included and the results are different from the sim plified prediction formula. In some cases 
the coupling effect is not very strong, for example the load is small com pared with the total 
displacement ( say less than 5%  ) or abaft lifting in head sea, the above formula can be used 
to roughly predict the m ulti resonant frequencies. This is often its case and so the prediction 
formula is valuable. Som e exam ples are given in Table 2. In the table the calculated values 
are read from the com putation and the estimated values are obtained from the form ula (5.4) 
and (5.5).
5.3 N u m er ica l  resu lts
Two types of crane vessels, ship shaped and sem i-subm ersible as shown in Fig.5.1 
and Fig.5.2, are analysed. The sem i-subm ersible crane vessel is exam ined for free floating 
(without the load) and two lifting conditions, abaft (A) and athwartship (B), The principal 
particulars o f the vessels are listed in the Table 5.1. The m odels are represented by 120 
panel elem ents for the ship shaped vessel and 272 for semi- submersible.
Table 5.1 P rincipal Particulars o f C rane vessels
P '   ^ S h ip  S h a p e d  S em i -s u b  1 S e m i -s u h  Serm-su b
■ . ' ( F ree f loa t ing  ) j  ( C o n d .  A ) ( C ond.  B )
I , B .  d  ( m l  ! 2 . 0 .  0  7 6 .  0 . 0 9 7 4  1 8 2 .  I 1 6 4 ,  0  "US 1 8 2 . 1 o v i  ■ W )  1 , 8 2 .  1 1 0 4 .  0  ' i
i V U g '  1 3 5 . 1  2 - 1 9 . 2  2 b  1 2 5 4 . 1 8
[
K(l  (ir.j 0  581 0 . 242  0 2.2V^
1
I . M t  Ci.Mi Mill 0 . 208 ,  v 41 (> 0 14V II 5 U  V : s 1
K x v  K yv> K zz  (ill) 0  4 8 1 , 0  9 7 7 . 0 . 8 8 2  0. 407 ,  0 . 52  < O . b - '  ' 4 ' '  ’ > O'  0 4 S 1. 0 S SO. I - Me
K xv.  Kyz .  K - z x  ( m i  0.0,  0.0,  -0 . 54 0 . 0 , 0  0 , 0 . 0  O.u.  O f .  0 . 2 b  - 0 . 0 6 2 . 0 . 1 3 9  0 0
L o a d i n g )  i 19.5 , 0  0  ' 2  4c. 4 98
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The resu lts for the ship shaped vessel are show n in F ig .5.3 against the non- 
dimensional frequency oW(L/g). The most distinct feature o f the results is that the coupling 
motion effects in troduce the m ulti resonan t frequencies on the curves o f the m otion 
responses and the dynam ic sling tension, unlike the motion responses of the vessel w ithout 
the load w hich usually  have only one resonant frequency on each m ode of m otion. As 
discussed p rev io u sly , the re so n an t frequencies are c lo sely  re la ted  to the resonan t 
frequencies o f uncoupled vessel and the load, but usually  do not coincide with them . For 
the ship shaped vessel, the m ulti resonant frequencies o f pitch and ro ll in head and beam  
seas are listed in the Table 5.2. The estim ated values o f pitch resonant frequencies in the 
head sea agree well with the calculated values, w hereas for the roll m otion in the beam  sea 
the agreement is not good. The reason may be attributed to the roll-yaw  coupling effect. If 
the coupling term  K xz is set to zero, the agreem ent is good (not presented). In this case the 
mass of the load is about 15% o f the to tal d isplacem ent o f the vessel and the K xz is even 
bigger than K xx, so the ro ll-yaw  coupling effect is very strong. It is also c lear that the 
differences betw een the m ulti resonant frequencies of the entire system  and the individual 
frequencies in ro ll is g re a te r than  those  in the p itch  because  the in flu en ce  fact 
m44/(M 44+A 44) is b igger than m 55/(M 55+A 55).
Table 5.2 Multi Resonant Frequencies
Ship Shaped  
C al. Est.
Sem i-sub  ( cond. A ) S em i-sub  ( C ond. B )
Cal. Est. Cal. Est.
o^ VfLVg) 1.50 1.40 1.05 1.08
LVg> 2.0 5 2.1 2 1.75 1.69
-c:
u WLV(I^ g) 1.49 1.55
Cl,
wpV(L7g) 1.87 1.12
A 5y ( A L 2) 0 .2 5 0 .0 8
UlV(L7g) 1.25 0.95 0 .6 5 0 .7 0 0 .7 0 0 .7 0
cl»2^ ( LVg) 2 .9 0 3.24 1.75 1.68 1.65 1.63
R
ol
l
to L ^ C /g ) 1.49 1.55 1.57
ojRV(I g^) 1.15 0 .6 3 0 .7 0
A 4 4 /(A B 2 ) 0 .1 5 0 .2 5 0 .2 5
The v iscous effec t in fluences the roll response near the resonan t frequencies 
significantly, but for pitch response it is negligible. G enerally , the very good agreem ent
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between theoretical and experim ental results have been achieved. The experim ental data for 
ship shaped vessel is taken f n W 3'.
The results o f the sem i-subm ersible type of vessel are presented in Fig.5.4-5.6 for 
free floating condition, lifting condition A and B. The results of the free floating condition 
have been com pared with the results for heave and roll in beam s e a ^  and the agreem ents 
are good.
In the lifting condition  A, it can be found that the coupled motion effect on the 
heave is neglig ib le , w hereas on the roll response it is quite clear. On the roll response 
curve, the coupled m otion effect seems to reduce the peak value at the resonant frequencies. 
The second resonant frequency effect is barely observable when the viscosity is included.
In the head sea, the coupling effect is not as great as those in the beam sea because 
the M 55 and C 55 are greater than M 44 and C44. The viscous effect in pitch m otion is more 
sensitive than those in pitch of the ship shaped vessel. This is caused by the relative small 
pitch wave dam ping of sem i-subm ersibles com paring with the total damping.
In the lifting condition B, such an effect on the roll m otion response is obvious, 
although the load is less than 2%  of the total displacem ent of the vessel in weight. The 
viscous effect is im portant in order to predict correctly  the peak value at the second 
resomant frequency correctly which is usually near the frequency of the peak of the wave 
spectrum.
The m ulti resonant frequencies of the entire system  for both lifting conditions are 
listed in the Table 5.2. G enerally, the agreem ents between calculated and estim ated values 
are good because the loads in the both cases are not very heavy com paring with the total 
displacement (5 %  for condition A and 2% tor B ).
5.4 C o n c lu s io n s
From the present study the following conclusions may be drawn.
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1, The coupled motion effects between the vessel and the load being lifted influence 
the motion response o f both ship shaped and sem i-subm ersible crane vessels significantly 
and must be taken into account in predicting the motion responses.
2, The viscous effect m ay be neglected in the prediction of the m otion responses of 
the vessel alone, but when the coupling effect of the load is considered it changes the peak 
values at resonan t frequenc ies especially  for the sem i-subm ersib le , so it should  be 
included.
3, The estim ation form ula o f resonant frequencies of the entire system  m ay be used 
to roughly estim ate the m ulti resonant frequencies when the coupling effect betw een 
different m odes of m otion is not so strong.
4, The m otion behaviour o f the sem i-subm ersible type of crane vessels is generally 
better than that o f the ship shaped one. The form er has sm aller m otion responses and 
longer natural period of m otion which may be beyond the peak of the wave spectrum.
The study  p resen ted  here show s that the coupled  m otion  effect should  be 
considered in reasonable way in design of crane vessels. The present m ethod m ay help to 
reduce the expensive experim ents to a m inim um  in the primary design stage.
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CHAPTER SIX
W A V E  LO A D IN G  ON CROSS-DECK STR U CTU R E  
OF T W IN  H ULL SHIPS IN R EG ULAR W AVES
In this chapter, the bending moment, vertical shear force, horizontal shear force and 
torsional m om ent acting on the cross-deck structure of SW A TH  ships in regular waves 
will be analysed by 3D theory. The hydrodynam ic force distributions along the hulls of 
SWATH are also calculated . The standing wave effect on wave loads o f tw in hull ships 
will be discussed. In order to sim plify the problem , port and starboard sym m etry has been 
assumed.
In m any previous 2D theories, the loading on the cross-deck structure o f SW ATH  
ships is calculated under the equivalent two dim ensional hull form assum ption, so only the 
beam sea case can be dealt w ith and the pitch and yaw m otion effect is neglected. The 
torsional m om ent on the cross-deck is difficult to predict because it often has its m axim um  
value in quartering seas. In the present study, the traditional 2D approach is extended to the 
3D case to treat the wave loading on the cross-deck structure for any wave heading . The 
four m ajor types o f wave loads: bending m om ent, vertical shear, horizontal shear and 
torsional m om ent, can be p red ic ted  by the present m ethod. A lthough the m axim um  
torsional m om ents on cross deck of SW ATH are usually much sm aller than the m axim um  
bending m om ents, the com bination effect from both of them in oblique seas may produce 
the maxim um  local stress on the cross deck. Therefore, it will be necessary to check such 
kind of loading condition in the prim ary design stage if the proper prediction m ethod is 
available.
On the other hand, the side forces and bending m om ents on cross deck of SW ATH  
in pure beam  seas w ere seen to be the w orst wave loading conditions. The recent 
research510' has found that the seas approaching from  just forw ard or aft o f beam  give
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biased load d istribu tions w hich m ay cause the m axim um  local stress on the cross deck 
structure. Since strip theories are only valid in pure beam seas, they can not predict such 
load distributions along the hull. To overcom e this problem  the three dim ensional theory 
has been applied in this chapter and the results have been presented.
In order to validate the m ethod a SW A TH  ship has been analysed and com pared 
with the experim ental values. The 3D effect i s  taken into account in present 3D theory, so 
the m athem atical m odel for SW ATH  ships is also applicable to conventional catam arans or 
semisubmersibles w hose dem i hull may not as slender as SW ATH ships.
6.1 Form ula for W ave  L oading  on C ross-Deck Structure  
of Twin Hull Ships
As the incident wave propagates past the body, a pressure distribution is established 
over the hull w hich tends to excite motion in six degrees of freedom . As m otion is excited, 
additional forces and loads due to the m otion itself are generated. The m otion prediction 
method has been presented in the previous chapters. Once the m otion is known, the loading 
may computed.
The first study o f wave loads on the cross section of mono hull ships is credited to 
Jaco b s51' who ex tended  the strip theory for heave and pitch m otion in head w aves of 
K orvin-K roukovsky and Jaco b s52' to include the wave induced vertical shear forces and 
bending m om ents for a ship in regular head waves. Later Salvesen e t  a l 53l p r e s e n te d  a n  
analysis of all m ode loads on a m ono hull ship running in oblique w aves. The application 
of 2D theory to prediction of wave loads on the cross-deck structure of tw in hull ships is 
pioneered by Lee and C u rp h ey '4'. In their m ethod an equivalent 2D hull assum ption is 
made and the effects o f pitch and yaw m otion are neglected and only beam sea case can be 
dealt with. In the present study, the Lee and C urphey’s approach is extended to 3D muse 
including the effect of all six degrees freedom  of m otion, so the wave loading in oblique 
wave (any wave direction) can be predicted theoretically.
The m ax im um  to rsional m om ent on the c ross-deck  usually  occurs in bow
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quartering sea and is o f prim ary im portance in the structure design. In practical design the 
maximum torsional m om ent is usually approxim ated from the m aximum side force on the 
hull in beam sea 5^ 1. From  the present study it is clear that there is no direct relationship 
between the side force and torsional moment. The torsional moment is actually caused by 
the odd pitch m om ent which acts on the two hull with opposite direction. Therefore such an 
approximate m ethod for the m axim um  torsional moment is open to question. Consequently 
a proper way to predict this m om ent is of practical importance in the structure design of the 
twin hull ships.
Generally, the six com ponents of the loads acting on the cross deck structure are:
1- vertical bending m om ent: the m om ent tending to roll the hulls relative to each
other,
2- vertical shear force: the force tending to heave the hulls differentially,
3- to rsional m om ent: the m om ent tending to pitch the hulls w ith respect to each
other,
4- transverse force: the force tending to differentially translate the hulls athwartships
(sway),
5- yaw ing m om ent: the m om ent tending to produce differential yawing, and
6- the force tending to produce differential surging.
The first four types of loads may be considered to be of great importance. The other 
loads are expected to produce stresses in the prototype cross structure about an order of 
magnitude sm aller than the first four types. In this chapter, only the first four types of loads 
are analysed. The rem ain ing  two can be evaluated in the sim ilar m anner, but are not 
discussed here.
In order to fo rm ulate  the problem , the structure loading m ay be reso lved  into
following contributing effects.
1- W ave exciting  force: This com ponent ot structural loading arises from the 
pressure d istribu tion  o f the incident w ave, when the body is restrained from  m oving. 
Based on the linear theory , this com ponent can be further divided into incident wave
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exciting force, or Froude-K rylov force, and the wave diffraction force.
2- M otion  in d u ced  hydrodynam ic force: This com ponent arises from  the 
hydrodynamic effect when the body moves in the calm water. The effect of such a force is 
normally represented as added mass and damping coefficients.
3- H ydrostatic restoring  force: This com ponent arises from the change of mean 
floating position o f the body due to its excited motion in waves.
4- M ass inertia force: This component is due to the acceleration of the body when it 
is moving.
To find the loading at the m id-section of the cross-deck, a standard approach of the 
structural analysis w ould  be to cut the body at the section where the loading is to be 
determ ined and consider all o f the forces and moments (both inertia and hydrodynam ic) 
acting on the free end.
If the portion to the right of the cut is taken to be the free end as shown in Fig. 6.1 
the m om ents and shears are given by the m ass inertia force minus the total external forces 
acting on the free portion  in a sense w hich provide the m om ent or force in a given 
direction.
The loading at cross-deck m id-section of SW ATH ships (y=0 and z=ho) is then
given.
s,R
( 6 . 1 )
SR
SR
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where Mb, M T, V 2 and V 3 are bending moment, torsional m oment, horizontal shear force 
and vertical shear force respectively, M^i, M jj, V2j and V31 are m ass inertia forces of the 
free end portion and in general depend on all m odes of m otion, p is the hydrodynam ic 
pressure, SR deno tes the integration over the subm erged portion of the dem i hull on the 
right. The sam e loading quantities m ust also be obtained if the left hull is taken as the free 
end and all forces and m om ents acting on the left hull are considered.
As m entioned in section 4.4.2, all the forces acting on the port and star board hulls 
of ship can be split into even and odd com ponents. If the foregoing expressions of the 
loading on the left and right dem i-hulls are added together with sign consistent with loading 
convention and then divided tw o as shown in Fig. 6.1, the loading at m id-section of cross­
deck may be evaluated  by using the sym m etric and antisym m etric nature o f the forces on 
the two hulls with respect to the centreline. This greatly simplifies the loading analysis.
The even vertical forces acting the the twin hulls in the sam e direction produce 
positive bending m om ents and opposite vertical shear forces on the both right and left free 
ends, so sum m ation o f the bending m om ents and vertical shear forces from each hull gives 
twice the bending m om ent but no vertical shear. In contrast, the odd vertical forces produce 
no bending m om ent but tw ice vertical shear force. An analogous argument can be m ade for 
the case o f horizon ta l forces acting on each hull. An even horizontal force produce no 
bending m om ent or ho rizon ta l shear force but does tend to produce ro ll and sw ay 
responses. An odd horizontal forces produce both a bending m om ent and horizontal shear 
force at m id-section of cross-deck.
S im ilarly , the even pitch m om ent produces only pitch m otion but no torsional 
moment. The odd pitch m om ent which actson both hulls in different directions produces the 
torsional m om ent at m id-section of cross-deck. The pitch m om ent here also includes the 
mass inertia, hydrostatic and hydrodynam ic forces.
Once the loading at mid-section of cross-deck structure is determ ined, the loading at 
any section above the w aterline can be found. This can be done by subtracting the m ass
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inertia forces o f the portion between the m id-section and the section calculated from the 
already known loading at the m id-section because the both hydrostatic and hydrodynam ic 
forces acting only on the subm erged part of the hull.
The form ula of the structural loading at m id-section of cross deck m ay now  be 
rewritten follow ing the m ethod of summation of the loading on the two free ends described 
above, i.e.
s
where yo is the y-coordinate of the centre of gravity, (xo,yo,zo)> of the demi hull, as shown 
in Fig. 6.2 .
It is clear that the heave mass inertia force only contributes to the bending m om ent, 
and the roll m ass inertia force only to the vertical vertical shear force. Sway inertia force 
does not effect the horizontal shear because it is tin even force. Pitch mass inertia force does 
not contribute to torsional m om ent and it is an even force too.
The hydrodynam ic pressure p can be expressed as ,
where the term s in the first bracket are the contributions from hydrodynam ic effect and
s
s (6 .2)
s
6
p — -icot <P0 +  %  +
1=1
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those in the second bracket from the hydrostatic effect. As m entioned previously <^=1, 3, 5 
are even functions and § \—2, 4, 6 are odd functions. The incident wave and d iffraction 
wave potentials m ay also be resolved into even and odd com ponents, and denoted by doe> 
(j)0o, (j)oc and <J>d° respectively .
The dynam ic loading at the m id-section of cross-deck, then can be expressed in the 
simple form listed in Table 6 .1-6.4 which only includes the terms contributing to the certain 
type of loading. The form ula o f loading at any position of the cross-deck and vertical strut 
are also listed in the T ables 6 .1-6.4.
In the T ab les 6 .1-6.4, the constant m ass distribution over the cross-deck and the 
vertical strut are assum ed. The m<j and m s represent the mass density per unit span on the 
cross deck and unit height along the vertical strut respectively. (xo,yo,zo) is the centre of 
gravity of a dem i hu ll w ith respect to the coordinate system  o-xyz and xo=0.0. In the first 
row of Tables 6 .1-6.4 , the term s contributing to the loads at the m id-section o f the cross­
deck given by E qn.(6 .2) are given. The second row of Tables 6 .1-6.4 gives the addition 
contribution which m ust be included to determine a given load quantity at a location y along 
the cross-deck. The third row denotes the contributions which m ust be further included to 
obtain the load at a vertical location z along the strut. Term s in the third row  below  the 
dashed line m ust be included  if z below the waterline £=0 .0 , Sc is the subm erged area of 
the stm t betw een the free surface £=0.0 and the cutting section £=z, (r|,£ ) are dum m y 
variables of the integration about Sc .
All the results o f dynam ic loading obtained from Table 6 .1-6.4 are com plex which 
can be expressed, for exam ple, by M = M r + iMj
Phase = tan ' 1 ( Mbi/MbR)
The sim ilar relationship can be obtained for torsional moment My. vertical shear V 3 
and horizontal shear V 2.
(6.41
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The amplitude of motion responses i=l contained in Table 6.1-6.4 can 
be solved by the method described in the previous chapters. Once the motion responses are 
known there is no difficulty in solving the loading equation.
6.2 Comparison between Computational and Experimental Results
The dynamic wave loads on the SWATH 1 shown in Fig.4.51 were analysed for 
three different wave heading, head sea (180°), bow-quartering sea (135°) and beam sea 
(90°) at zero speed. The same panel arrangement on the hull as that in section 4.3 was 
used. The data of cross-deck and strut of SWATH 1 are also shown in Fig.4.51. Thirty 
two frequencies were carried out in the calculation.
In order to validate the theory, the computational results were compared with the 
experimental data for the bending moment at mid-section of cross deck in bow-quartering 
and beam seas, because only those experimental results were available. The experiment 
was carried out by D ja tm ik o ^ . All the results are shown in Fig.6.3-6.6. The discussions 
are made for four major wave loads respectively in the following sections.
6.2.1 Bending moment
From the results that the maximum bending moment is seen to occur in beam seas. 
The most prominent feature of bending moment response is the large peak occurring at 
X/Bo=2.1 equivalent to X/Ls=1.5. This peak is associated with the effect of the first 
longitudinal standing wave. As mentioned in section 4.2.2, the first longitudinal standing 
wave may introduce the maximum wave loading on the cross-deck structure. This is 
confirmed here. The theoretical results agree well with the experimental data on both the 
trequencies at which the maximum bending moment (or first longitudinal standing waves) 
occurs and the amplitude of the bending moment. The first longitudinal standing wave does 
not effect the added mass and damping coefficients as mentioned in section 4.3.1. but its 
effect on the loads is obvious. The other peak on the bending moment is at about 
^/B()=1.0. It is associated with the second symmetric standing wave (transverse). I his 
peak also appears in the experiment. In bow quartering sea case, the theoretical predictions 
ttgree also well with experiments which confirm the two peaks caused by the standing
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waves at V B 0=2.1 and 1.0 respectively.
In Fig.6.3 and 6.4, the motion responses of SWATH 1 in sway, heave and roll in 
beam sea are also shown against the abscissa of ratio of wave length to maximum beam 
(X/B0) in order to compare with the loading results. Comparing the loads and motion 
results, it can be found that roll resonance at low frequency has virtually no influence at 
mid-section bending moment. The experiments have confirmed this feature.
The components of the bending moment in the beam seas are presented in Fig. 6.7(a). 
The large contribution of wave diffraction is apparent. This kind of influence is purely 
hydrodynamic effect associated with the standing waves and would not be predicted by 
simple theories based on the 'static' approach or diffraction theory with the fluid interaction 
between the twin hulls neglected.
In addition, the transverse bending moment of SWATH 1 in regular beam waves at 
cross deck strut juncture and strut at waterline were also calculated by the formulae in Table
6.2  and presented together with those at cross deck mid-section in Fig.6.8. It is noted that 
the roll resonance occuring at X /B o= 9 .2  has no effect on the moment at mid-section. 
Moving along the cross deck to the juncture with the stmt, a secondary peak due to roll 
resonance occurs, with the primary peak nearly unaffected. On the strut, the moment is 
reduced but the secondary peak remains unchanged. Although the peak bending moment is 
greatest at the mid-section, the appearance of the secondary peak at other location on the 
cross deck means that in irregular waves the statistical amplitude of the bending moment 
could be slightly greater away from the mid-section, it the roll resonant frequency is in the 
vicinity of the wave spectrum.
6.2.2 Horizontal  shear force
The horizontal shear force response has almost identical shape with the bending 
moment. The maximum value occurs in beam seas. I he two peaks on the each response 
curve of three different heading tire at A/Bo=2.1 and A./Bo=1.0 coinciding with those ot 
bending moment response curves. This suggests the bending moment on the cross-deck
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structu re o f  S W A T H  sh ip s  is p rim a rily  a re su lt o f  the action  o f h o rizo n ta l fo rces ap p lied  on 
the h u ll w ith  s o m e  e q u iv a le n t  v e r tic a l m o m e n t arm . T h e  p re se n t re su lts  sh o w  th a t fo r  
S W A T H  s h ip s  w h ic h  h a v e  n a r ro w  b ea m  an d  la rg e  d ra ft the  h o riz o n ta l s id e  lo ad  is one 
o rder h ig h e r  th a n  th e  v e r tic a l  lo a d  in  sh o rt w a v e le n g th s  (n ear the p ea k ), so th e  b e n d in g  
m o m en t is  d o m in a te d  by  th e  c o n tr ib u tio n  fro m  th e  side  lo ad s. C o n seq u en tly , th is  su g g es ts  
an a p p ro x im a te  fo r m u la  fo r  th e  b e n d in g  m o m e n t ca lc u la tio n  if  th e  h o riz o n ta l s id e  lo ad  is 
k n o w n , i.e .
M = (h 0+ D /2 )* V 2 (6 .5 )
T h e  d if fe re n c e  b e tw e e n  th e  m ax im u m  b en d in g  m o m en t ca lcu la ted  by E q n .(6 .5 ) and  
ac tua l th e o re t ic a l  p re d ic t io n  is a b o u t 5%  fo r p re sen t m odel. In the ea rly  d esig n  s tag e  , the 
m a x im u m  s id e  lo a d  c a n  b e  ro u g h ly  e v a lu a te d  fro m  the  s e m i e m p iric a l f o r m u l a e ^ ,  the 
m ax im u m  b e n d in g  m o m e n t ca n  th en  be o b ta in ed  by E qn .(6 .5 ).
In  c o n tra s t  th e  c o n v e n tio n a l  c a ta m ara n  h as  la rg e  b ea m -d ra ft ra tio , and  the re la tiv e  
m a g n itu d e s  o f  th e  v e r tic a l  a n d  h o riz o n ta l lo ad s  are  ro u g h ly  th e  sam e o rd e r o f  am p litu d e . 
T h is fe a tu re  w a s  s h o w n  in  th e  th e o re tic a l  an d  e x p e rim e n ta l w o rk  by W ah ab , et a l J s ' and  
Jones an d  G e r z i n a ^ .
6.2.3 Vertical shear force
T h e  v e r tic a l  s h e a r  fo rc e  is an o rd e r  s m a lle r  th an  the  h o rizo n ta l fo rce . It h as  its 
m a x im u m  v a lu e  in  th e  b e a m  se a  ca se . T h e  th e o ry  p re d ic ts  the ro ll re so n a n c e  sh o u ld  
co n tr ib u te  to  th e  v e r tic a l  s h e a r  fo rce .In  F ig . 6 .4 , the p eak  in the  v e rtic a l sh e a r  re sp o n se  
does o c c u r  a t ro ll r e s o n a n t  fre q u e n c y . T he  o th e r p eak  at A /B (p 2 .0  is b e liev ed  to be c a u sed  
by the a s y m m e tr ic  s ta n d in g  w a v e , but is it less s ig n ifican t than  the one in d u ced  by the roll 
m otion  re so n a n c e .
6.2.4 Torsional moment
In  c o n t r a s t  to  th e  b e n d in g  m o m e n t, h o r iz o n ta l  an d  v e r tic a l s h e a r  fo rc e , the 
m ax im u m  to r s io n a l  m o m e n t  o c c u rs  in a  q u a r te r in g  sea . T h e  re su lts  sh o w  that the
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torsional moment has the peak values at V B 0=2.1 and X/B0=1.0 which coincide with the 
peaks of bending moment and horizontal shear force. This is expected because the theory 
predicts the peak torsional moment be should associated with the symmetric standing
waves as is the bending moment.
The Fig.6.7(b) presents the different components of the torsional moment in bow- 
quartering sea. The contribution from the diffraction component is apparently dominant 
over the maximum torsional moment which associated with the first longitudinal standing 
wave at A./Bo=2.1, i.e. A/Ls=1.5. This is purely hydrodynamic effect and can not be 
predicted by simple methodsbased on the 'static' approach, or by the diffraction theory with 
the fluid interference between the twin hull neglected. For the present model, the 
contribution from incident wave (Froude-Krylov force) is only about 18% of the 
maximum torsional moment. On the other hand, the maximum torsional moment is about 
10% of the m axim um  bending moment, but its prediction still provides important 
information for the structure design.
6.3 Wave Load Distributions over the Hull of SWATH
T h e  w a v e  l o a d s ,  e . g .  s i d e  f o r c e s  a n d  b e n d i n g  m o m e n t s ,  o n  c r o s s  d e c k  s t r u c t u r e  i n  
p u r e  b e a m  s e a s  w e r e  s e e n  t o  b e  t h e  w o r s t  w a v e  l o a d i n g  c o n d i t i o n s .  T h e  r e c e n t  r e s e a r c h * 1( )* 
h a s  f o u n d  t h a t  t h e  s e a s  a p p r o a c h i n g  f r o m  j u s t  f o r w a r d  o r  a f t  o f  b e a m  g i v e  b i a s e d  l o a d  
d i s t r i b u t i o n s  w h i c h  m a y  c a u s e  t h e  m a x i m u m  l o c a l  s t r e s s  o n  t h e  c r o s s  d e c k  s t r u c t u r e .  I h e  
p r e s e n t  c o m p u t a t i o n a l  r e s u l t s  h a v e  c o n f i r m e d  t h i s .  T h e  s i d e  t o r c e  d i s t r i b u t i o n s  a l o n g  a  
t a n d e m  s t r u t  m o d e l  ( S W A T H  1)  a n d  a  s i n g l e  s t r u t  m o d e l  ( s a m e  g e o m e t r y  a s  S W A T H  1, 
b u t  o n l y  a  s i n g l e  s t r u t  o n  e a c h  h u l l )  w e r e  c a l c u l a t e d .  T h e  c a l c u l a t i o n  w e r e  c a r r i e d  o u t  t r o m  
45 °  t o  135°  w i t h  2 .5 °  i n t e r v a l s .  F o r  p r e s e n t  t w o  m o d e l s  t h e  m o s t  s e r i o u s  c o n d i t i o n s  i s  
82 .5°  a n d  9 7 . 5 °  ( 7 . 5 °  f o r w a r d  a n d  a f t  o f  b e a m )  a t  t h e  f r e q u e n c y  w h e r e  t h e  m a x i m u m  s i d e  
t o r c e  o c c u r s .  T h e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g . 6 . 9 . I n  t h i s  c o n d i t i o n  t h e  t o t a l  s i d e  t o r c e  
a c t i n g  o n  t h e  h u l l  i s  n e a r l y  e q u a l  t o  t h a t  i n  b e a m  s e t t s ,  b u t  t h e  b i a s e d  l o a d  d i s t r i b u t i o n s  
p n x l u c e  t h e  m a x i m u m  l o c a l  s i d e  t o r c e  a t  t h e  p o s i t i o n  t o r w a r d  o r  a l t  o t  m i d d l e  o t  the 
s t r u t .  T h i s  k i n d  o f  l o a d  m a y  c a u s e  t h e  s e r i o u s  l o c a l  s t r e s s  w h i c h  i s  w o r s e  t h a n  t h a t  i n  c a s e  
e t  beam  s e a s .  S i n c e  t h e  p r e s e n t  s t r i p  t h e o r i e s  f o r  w a v e  l o a d  c a l c u l a t i o n  o n  S W A  I H  a t e
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only valid in pure beam  seas, they can not predict such load distributions along the hull. To
overcome this problem  the three dimensional theory should be applied
On the other hand, the advanced structural analyses for SWATH or other twin hull 
ships are mainly based on three dimensional methods. If the strip theory is used for 
hydrodynamic load calculation, a rough approximation of load distribution along the hull 
must be employed. The three dimensional theory has ability to calculate the wave load 
distribution directly and so can provide more accurate wave load input for the structural 
analyses not only for beam sea case but also for any wave heading.
6.4 C o n c lu s io n s  
On theory
1, Dynamic load prediction based on present 3D diffraction theory agrees well with 
available experimental data in both beam and bow quartering waves, confirming the basic 
validity of the the present method. Because the 3D effect is taken into account, the present 
method can predict the wave load in any wave direction and also theoretically has potential 
to predict the wave load on semi-submersible crane vessels or similar type of vessels on 
which the 3D effect is significant, but these still need more experimental work to validate.
2, The Experiments confirm that the first longitudinal standing wave produces the 
maximum bending moments at cross deck of the SWATH ship. This effect can be predicted 
by the present theory.
3, The major improvement of the present method is its ability to predict the wave 
loads and its distribution over the hull at any wave heading. This ability gives designers 
much more flexibility to investigate the different loading conditions during primary design 
stage in contrast the tradition 2D theory is only adequate in beam seas conditions.
4, It is believed that the present three dimensional method can produce the mon 
accurate load distribution over the wetted hull surface of a vessel than two dimensional 
theory. Those predictions are important for structural analysis. More experimental data is
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still needed to validate the predictions of force distribution from the present theory.
On the features of the dynamic load on the SWATH
1, The horizontal acting loads on the SWATH ships are an order of amplitude larger 
than vertical acting loads. The transverse bending moment acting on the cross deck is 
primarily a result of the side loads at a point near mid draft.
2, The most prominent feature of the side load and bending moment responses on 
the cross deck is a large peak due to the effect of the first longitudinal standing waves 
which usually occur at wavelength close to twice of the length of the strut.
3, The m axim um  torsional moment occurs quartering waves at the same 
frequency at which the maximum bending moment occur, but the former is an order smaller 
than the latter in amplitude. This effect is necessary to be considered if the proper prediction 
method is available, since the local combined stress between bending and torsional effects 
on the cross deck may be very large.
4, The analytical results show that the sea approaching just forward or aft of the 
beam can produce the biased load distributions which may introduce the maximum local 
stress on the structure. It is difficult to predict this kind of load distribution by any two 
dimensional theory, but the prediction from three dimensional theory still need to be
ju stified  by e x p e r im e n ts .
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CHAPTER SEVEN
RANDOM SEA PROCEDURE
As indicated in Chapter 1, the principle of superposition introduced by St. Denis 
and Pierson reduces the complex problem of ship motions and wave loads in seaway, 
which behaves random in nature, to two problems:
1, the prediction of the ship motions and wave loads in regular waves and
2, the prediction of the statistical responses in irregular waves using the regular 
wave results.
In previous chapters all the discussion is concentrated in the first problem since it is 
the major task of the seakeeping study and also the main objective of this thesis, lire  results 
have shown that the predictions from the present theory agree well with the experimental 
data for various type of mono and twin hull ships.
In this chapter the second problem is dealt with. The wave energy spectrum method 
is used for determining the statistical responses of the ship motion, wave loads in irregular 
waves. The seakeeping criteria for both monohulls and SWATH are discussed. In practice, 
a ship designer not only needs to know the motion and wave load responses of a ship to he 
designed in the extreme sea condition, but is also interested in the seakeeping qualities ot 
such a ship, for example the seakeeping effectiveness i.e. the percentage ot time that ship 
may be expected to operate in a given ocean environment with safe and prudent operation 
ot the ship and with an effective ship's crew and equipment. For above reason, the method 
to evaluate the seakeeping qualities of a ship is introduced in the chapter Based on this 
method, if the regular wave responses of a ship, the seakeeping criteria and the statistical 
probability of specific sea conditions (i.e. certain wave height, modal period etc. i in g i \ c n  
ocean environment are known, the seakeeping qualities ot the ship can be predicted.
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Finally, the motion response results of the prototype SWATH 1 in irregular waves 
are calculated as a numerical example. The results of its seakeeping effectiveness in the 
North Atlantic are represented and compared with a selection of monohulls. The wave 
loads on the cross-deck structure of the SWATH 1 in irregular waves are given as well.
7.1 General Considerations and Formulae
In principle, the time history of the system responses of the ship motion and wave 
loads to any random single can be obtained for a linear system by a convolution integral of 
the product of the signal and the inverse Fourier transform of the transfer function11’21. 
Here, the transfer function, or called frequency response function, is the ratio of the 
complex amplitudes of any motion or wave load quantity to the amplitude of the incident 
wave. A correct approach to ship motion and wave loads in the time domain, however, is 
not so straightforward as described previously as has been pointed out by Cummins'31 As 
is well recognized, a unique representation of the time history of sea waves is impossible. 
Hence, representation of the sea waves has been made through energy spectra from which 
various statistical averages of the wave condition can be obtained.
The application of the sea energy spectra in conjunction with the transfer function to 
obtain various statistical averages of ship motion and loads responses was first introduced 
by St. Denis and Pierson'4l  Since then, statistical averages have been used almost as a 
standard tool for investigation of ship motions and wave loads in an irregular seaway. I o 
simplify the problem, the three major assumptions were made in this approach, i.e.
1, the relationship between the wave exciting and ship responses is linear,
2, the ship motions are stationary and normal random processes with zero mean and
3, the sea energy spectral density function of waves and ship motion are narrow 
banded.
Following the spectral method of St. Denis and Pierson, the variance of the absolute 
value of a transfer function, say l^l/a, can be obtained by
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E = J S(co) dco = m. (7 .1 )
where [ l^l/a  ]2 is often called the response amplitude operator (RAO), S(co) is sea 
energy spectral density function, which has the dimensional unit of [L2T] or [m2s], The 
variances for velocity and acceleration of ith mode of motion can also be obtained by
r i 2
f I ^  i
E v — J ^  ~ S(co) dm = m2 ( j  ^
0 L J
and
jE = I coa •’l S (gd) dco = m . (7 .3 )
Since the sea energy spectral density function of waves and ship motion are 
assumed narrow banded, the distribution of motions or wave loads may be described by a 
Rayleigh probability density function, although this may not be quite true in some cases '1'. 
Under this assumption, the statistical averages of ship responses can be expressed in the 
form
'A v e ra g e ' a m p litu d e  = C  V(E ) (7 .4 )
H e re  \ ( E  ) is  c a lle d  R o o t M ean S q u are  (R M S ) o f  a p a rtic u la r  m o tio n  a m p litu d e ; 
C = 1.253 g iv e s  th e  a v e ra g e ; C = 2 .0  g ives the o n e-th ird  h ig h est av erag e  o r s ig n ific an t value; 
C = 2 .5 4 6  g iv e s  th e  o n e - te n th  h ig h es t average.
I f  th e  a b s o lu te  m o tio n  am p litu d e  l^jl is rep laced  by the ab so lu te  load  a m p litu d e s  
1V 21, IV3 I, !M h I o r  I M t i, the E q n .(7 .l  )-(7 .4) can be used to pred ic t the s ta tis tica l a v e rag e s  of 
h o rizon ta l fo rc e s , v e r tic a l sh ea r fo rces, B ending  m om en ts o r to rsional m o m en ts  on the sh ip  
structu re  re sp e c tiv e ly .
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For a design or operational criterion, it is also interest to know the probable extreme 
value a ship may encounter in given sea environments. From the property of the Rayleigh 
distribution function, this can be shown as^5)
y„ (£ )= 2 In
3600 H 
2 71 £ for small e (7.5)
where H is the time in hours during which an extreme sea environment may persist, e is a 
probability factor. For e=0.01, the Eqn.(7.5) gives a 99% assurance that the maximum 
amplitude yn(0.01) will not be exceeded. Whereas for e=1.0, yn( l ) represents the ' m o s t  
probable maximum amplitude'. For large number of observations, the probability that the 
maximum value will exceed yn(l)  is 63.2%.
The problem of the cross-structure slamming of a SWATH ship is a serious 
concern for the designer. This phenomenon results when the cross structure hits the surface 
of the water at small or moderate angles giving rise to dynamic pressures and loads which 
can reach extremely high levels. The probability of this impact occurring and the expected 
number of impacts per unit time acting on the cross-structure can be estimated by the 
method of Ochi and Motter^6’^ .  The requirement for an impact of the cross-structure of a 
SWATH ship is that the vertical relative motion of the hull is greater than the cross - 
structure clearance above the calm water level^,9l  The formula is
exp
e (R)
2 2 
C  V
2 E (R) 2 E (R)
(7 .6 )
where superscript (R) denotes the relative motion at the location of interest. C d is the 
vertical distances above the calm water level to bottom ot either the main hull or the cross­
deck in the same dimensional unit used for V (E ^), V y  is the threshold velocity that incites 
slamming. The value of VT can differ from case to case and should be given in the same 
dimensional unit as V ( E y (R)). In many cases the value of V y  is unknown, and it V y  is set to 
zero, the Eqn.(7.6) then gives either the number of hull bottom emergencies or water 
contacts of cross-deck bottom per n seconds. If V y  is set to zero and C j  is set to be the 
deck height, then Eqn.(7.6) provides the probable number of occurrences ot deck wetness
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by green water per n seconds.
The complex relative venical motion of a point (x,y,z) on the ship is given by 
Sv™ = ^ v (A) - Co (7  7 )
a n d
Cv(A) = C3 + y^4 -  x^5 (1.8)
where is complex absolute vertical motion and Co is complex amplitude of incident
waves given by
y t ik (x c o sP  - ys inP)
l — a e 
^0 (7.9)
7.2 Wave energy spectra
Common mathematical expressions which are frequently used by ship investigators 
are the so called Pierson-Moskowitz spectrum^10! and 17th ITTC spectrum^11'.
The Pierson-Moskowitz spectrum is obtained semi-empirically by analysis of 
extensive wave data relating to fully developed sea condition in North Atlantic. This 
spectrum was recom m ended by 11th ITTC conference (1966) for ship motion 
computations when information on typical (i.e. locally derived) sea spectrum is not 
available- 12l  It has the form of
C
C i
S ( ( o )  =  —  e x p  - —  [ m 2 - s e c j  ( 7 . 1 0 )
CD5 L &
w h e r e
C i=0.78
C 2= 3 .1 2 /H 1/y ?
w h e r e  H 1/3 i s  t h e  s i g n i f i c a n t  w a v e  h e i g h t  i n  m e t r e s .  I f  t h e  o n l y  i n f o r m a t i o n  a v a i l a b l e  i s  t h e  
s i g n i f i c a n t  w a v e  h e i g h t ,  t h i s  s p e c t r u m  m a y  b e  u s e d .  N o t e  t h a t  P i e r s o n - M o s k o w i t z  
s p e c t r u m  i s  a  s i n g l e  p a r a m e t e r  s p e c t r u m ,  i . e .  u n i q u e l y  d e t e r m i n e d  b y  a  s i n g l e  p a r a m e t e r ,  
k ' . g  s i g n i f i c a n t  w a v e  h e i g h t  o r  w i n d  s p e e d .  I h i s  l i m i t s  t h e  f l e x i b i l i t y  o f  t h e  s p e c t r a l  
d e s c r i p t i o n  b e c a u s e  o f  t h e  f i x e d  r e l a t i o n s h i p  b e t w e e n  w a v e  h e i g h t  a n d  m o d a l  w a v e  p e r i o d .  
T 0 , w h e r e  t h e  w a v e  p e r i o d  o f  m a x i m u m  w a v e  e n e r g y ( i . e  t h e  p e a k  o f  t h e  s p e c t r a l
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d i s t r i b u t i o n )  i s :
T 0 ~ 5 . 0 V ( H 1 / 3 )
w i t h  t h e  m a x i m u m  v a l u e  o f  w a v e  s p e c t r u m ,  S ( o ) ) = 0 . 2 5 e ' 5 / 4 H 1 / 3 5 / 2 . T h e  P i e r s o n -  
M o s k o w i t z  s p e c t r u m  i s  i l l u s t r a t e d  i n  F i g . 7 . 1 .
I f  f u r t h e r  i n f o r m a t i o n  i s  a v a i l a b l e  o n  t h e  m o d a l  w a v e  p e r i o d ,  t h e  1 7 t h  I T T C  w a v e  
s p e c t r u m  c a n  b e  u s e d ,  i . e .
r2
'3
e x p i  — :— r  I L k / n  ( 7 . 1 1 )
H '  r  - 1 9 5 1  ,  y  
s ( c o )  =  3 2 0  e x p f  - r - r  ]  ( 3 . 3 ) Y
T o“ 5 T o“
where
Y  =  e x p
0 . 7 6 6  c o  T q  -  1 . 0
a
and
a  =  0 . 0 7  f o r  c o  <  6 . 2 8 A T 0  
a  -  0 . 0 9  f o r  c o  >  6 . 2 8 / T 0 
w h e r e  T o  i s  t h e  m o d a l  w a v e  p e r i o d .  T h e  o t h e r  c h a r a c t e r i s t i c  w a v e  p e r i o d  c a n  b e  u s e d  a s  
w e l l ,  s u c h  a s  t h e  a v e r a g e  w a v e  p e r i o d  T i ,  b y  m e a n s  o f  
T i = 0 . 8 3 4 T 0
Of the two spectra discussed above, a more recent trend indicates a preference tor- 
two parameter spectrum because it is not constrained by the assumption of a fully 
developed sea. Pierson-Moskowitz spectrum, on other hand, is a less complex spectrum 
and appears to be quite reasonable, where its limitations tire accepted.
The flexibility of two parameter spectrum is attractive when used in conjunction 
with data reflecting observations of both wave height and modal period tor a specific ocean 
area. The data of this type is available for the North Atlantic114J5] and other ocean area. 
It p ro v id e s  s o m e  k e y s  as the  f re q u e n c y  o f  o c cu r ren c e  o f  w a v e  c o n d i t io n s  
throughout the world. Thus the specifications of the two parameters of 17th YVYC spectrum
- 135 -
can be made with some intelligence and regard of the operating area of the ship under 
evaluation.
In this chapter, the seakeeping effectiveness of the SWATH 1 will be evaluated in 
terms of the average probability of occurrence of specific ocean condition (i.e. certain wave 
height and modal period), therefore the 17th ITTC spectrum is used to determine the 
seakeeping qualities. The wave loads on the SWATH 1, on other hand, are only evaluated 
in the most serious condition (beam and quartering seas), so the Pierson-Moskowitz 
spectrum is used because of its simplicity.
7.3 Spectral Transformation
If a ship is in transit at speed U at an angle (3 to the predominant direction of the 
waves, then it will 'encounter' the waves at a frequency different from that which it would 
meet if it were at rest. The encounter frequency is rewritten here
U r n 2 
CO = co cosp
g
The energy of the wave is the same whether it is expressed in term of co or coc, so
that
o o
E w I 1 = j  SCO)) dco =  J  S(o)c) dco. (7-12)
w here
o S(co)S(co ) = ----- — —  (7.13)
I dco /  dco I
e
The modulus of dcoc/dco is used because S(coc) must always be positive.|see 
rct.[ 1 ]]. Bv deriving the definition of encounter frequency, one can obtain
S(a) ) -  ---------^ -------------------------------  (7.14)
I i . i i L g c o s ( J |
g
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Given the wave spectrum S(co), it is thus possible to find the 'wave encounter 
spectrum', S(coe). Its effect is to distort the spectrum as shown in Fig.7.1 for Pierson- 
Moskowitz spectrum. It should be noted that the area under the curves represents the 
energy of the waves, and is thus constant. This formula only applies in deep water. In 
shallow water, the spectrum would need modified since wave speed also depends on the 
depth of water.
7.4 Seakeeping Criteria
The U.S. Navy seakeeping criteria, which include a set of 12 criteria with which 
one can assess the seakeeping quality of candidate design, are chosen in the study. These 
criteria are shown in Table 7.1. The establishment of these criteria were primarily of 
interest in Anti-Submarine-Warfare (ASW) missions of a naval combatant. The discussion 
of the establishment of those criteria was given in detail by 01senl15l  Four seakeeping 
categories were considered as listed in Table 7.2. The first, general category, identifies 
seakeeping considerations that are essential to effective operations regardless of the 
mission. The seakeeping criteria in this category are concerned with the safe and prudent 
operation of the ship with the effectiveness of ship crew. This category includes criteria 1-6 
for monohulls; criteria 1-3, 11 and 12 for SWATH. The second category addresses the 
ability of ship to support embarked ASW helicopters and includes criteria 7-0, as well as 
the appropriate general criteria for both monohulls and SWATH. The third category 
addresses the impact of ship motion on the performance of hullmounted sonars on the 
monohulls. Thus it includes criteria 1-6 and 10. Because ot the SWATH con figuration, a 
sonar dome emergence criterion was inappropriate for SWATH. 1 he tourth category (all 
criteria) combines both the helicopter and sonar categories and reflects a composite 
seakeeping assessment.
The criterion 11 based on the occurrence of wave impact on the SWA 111 u o ss  
structure limits the relative motion of the 1/10th highest displacement between the SW A 111 
and waves to maximum of 6.1 metres. The 6.1 metres figure is simply the design clearance 
between the bottom of the cross structure and the waterline ot the prototype SWA 1111 As 
discussed by Olsen115), this roughly equates to one wave contact every 2 to 5 minutes. I he
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Table 7.1 Selected Seakeeping Criteria and Categories^15'
General Criteria
Monohulls and SW ATH
( 1) 12° single amplitude average roll (personnel effectiveness)
(2) 3 single amplitude average pitch (personnel and equipment effectiveness)
(3) Motion sickness indicator (20 percent of laboratory subjects experience emesis 
within 2 hours)
Monohulls only
(4) Bottom plate damage
(5) Three slams in 100 motion cycles
(67 One deck wetness every 2 minutes
SW A T H  only
( 11) 6.1 -metre average of highest 1/ 10 th relative how motions (slamming)
(12) 4.2-metre significant relative motion at the propeller (propeller emergence)
Helicopter Operating Criteria for Monohulls and SWATH
(7) 12.80 double amplitude significant roll
(8) 2.54-metre double amplitude significant vertical displacement at the (light deck
(9) 2 . 13-mctrc-per-second significant vertical velocity at the flight deck
Hull-Mounted Sonar Criterion for Monohulls Only
(10) Sonar dome emergence criterion (three-out-five detection op|xmunities>
T ab le 7.2 P rincip le  D im en sio n s o f the Sh ips
Sample Unit SWATH 1 FFG I  FF 1052 DD 96
Full load 
displacement V m 3 1395 3578 4246 7822
.ength between  
Perjxmdiculars L m 60.0(1) 124.0 127.0 1 6 1 .(
Beam B m 32.4 14.0 14.0 17.(1
Draft T m 7.1 4.5 4.7 5.6
Note: 1 1 ) The length xhoun for S \ \  -\TH is the length o! the mam sub-hull
(2) The clearance between the bottom of the SWATH cross deck structure and m e a n  Iks
surface is 6.1 metres. .
(3) The distance between the mean free surface and the 25G blade tip ol the SWA 111
propellers in vertical position is 4.2 metres
(4 ) The co-ordinates of  the centre of the fight deck is (-15.0, 0 .0 , 8 . 1)
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criterion 12 is based upon the phenomenon of propeller emergence. The criterion limits the 
relative vertical displacement at the SWATH propeller to maximum of 4.20 metres. This is 
equivalent to an exposure of 25% of the blade tip in the vertical position which can result 
in 9% loss of total thrust^15!.
The data of the prototype SWATH 1 and the other three monohull designs are listed 
in Table 7.2.
7.5 Seakeeping  Assessment
In the foregoing discussion, the method of evaluating ship responses in irreg u la r 
waves and the twelve seakeeping criteria were identified. Here, those method and c r ite ria  
will be used to evaluate the seakeeping qualities of a candidate ship design. SWATH 1 wits 
used as an example. By means of the method discussed in Section 7.1, there tire four major 
steps to assess the seakeeping quality of a ship in given ocean environment:
1, calculate the motion spectra of a ship in irregular waves by using its motion 
response results in regular waves and the wave spectra,
2, evaluate the statistical averages of the ship responses in irregular waves from its 
motion spectra,
3, compare the irregular wave results with the seakeeping criteria for all possible 
wave headings, forward speeds and modal wave periods, and
4, estimate the seakeeping effectiveness of the ship design in given ocean 
environment by using the data of the average probability ot occurrence ot specific ocean 
conditions.
7.5.1 Motion spectra of a ship
The motion spectrum is the integrand of Lqn.(7.1), i.e.
S .(03 ) =
m i e
IJg Wc)' S(o)J (7.15)
where Smi(o)c) is the motion spectrum in ith mode ot motion, the RAD is the function of 
encounter frequency and the wave spectrum is also corrected tor encounter frequency by
1 19
E q n .(7 .1 4 ). Similar process can also apply to velocity and acceleration of the motion in 
Eqn.(7.2) and (7.3), i.e.
where Svi(coe) and Sai(coe) are velocity and acceleration spectra in ith mode of motion 
respectively.
The Fig.7.2-7.4 show the motion spectra of prototype SWATH 1 in irregular 
waves for head, bow quartering and beam seas at 15 knots. The 17th ITTC spectrum was 
used. Only one special case is shown in the figures, i.e. significant wave height H i^=3.25 
metre and wave modal period T q= 12.3 seconds. The wave spectrum and the the RAC) 
curves are also shown in the figures. It is obvious that when the peak of of wave spectrum 
is close to the resonance of the motion response in particular mode, the motion spectrum 
gives the m aximum value. To reduce the motion responses of a ship in seaway, it is 
important to avoid this situation occurring.
7.5.2 Statistical averages  of ship responses
The statistical averages of ship responses in irregular waves can be obtained by 
integrating the motion spectra over whole of the encounter frequency range, i.e. hqn.t 7.1) 
(7.3). Then Eqn.(7.4) and the different statistical constants can give the different statistical 
values. If the 17th ITTC spectrum is used, the motion spectrum is different for each wave 
modal period. Consequently, the integral of Eqn.(7.1)-(7.3) must be carried out toi 
different modal wave period. Because the Root Mean Square (RMS), i.e. \ (E )  in 
Eqn.(7.4). obtained by 17th ITTC spectrum is linear with respect to significant icivr
height, the dependence can be treated as independent to the significant wave height.
(7.16)
and
(7.17)
The results of SWATH 1 in irregular waves for different modal periods, wave
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headings and forward speeds are calculated in this study. Some important figures of them 
are shown in Fig.7.5-7.10. those include the significant amplitudes ot heave, roll, pitch, 
relative bow motion, relative vertical motion at the propeller and vertical velocity at the flight 
deck in head, bow quartering or beam and at 0 to 25 knots forward speeds with 5 knots 
increment. The results of relative motion amplitudes were calculated by means of Eqn.(7.1) 
and (7.7).
7.5.3. Comparing the irregular wave results with the seakeeping criteria
To evaluate the seakeeping quality ot a ship, the ship responses in irregular waves 
should be compared with the specific seakeeping criteria for all possible wave headings and 
forward speeds. This can be easily conceptualized by viewing the seakeeping matrix of 
Fig.7.11. The ship is represented at the centre of the matrix and is proceeding from left to 
right. The concentric bands of the matrix represent different ship speeds while the radials 
represent the wave heading. The centre of the matrix represent zero speed. Each cell of the 
seakeeping matrix addresses a specific condition, where the ship motion spectra, whether it 
be for roll, pitch, heave or whatever, will be varied. For the present study, the calculation 
consists of estimates of ship motion spectra and statistical averages of motion responses in 
modal period of 7.0, 8.5, 9.5 and 12.0 seconds, for heading tingles from 0° to 180° in 15° 
increments, and at speeds from 0 to 25 knots in 5 knots increments. Although the 
seakeeping matrix is symmetric about the port and star board of a ship, it still consists of 78 
ceils in the present case and each of them should be evaluated for four different wave modal 
periods.
The results of above calculations are shown in Table 7.3-7.6. The upper matrices in 
those tables identify the seakeeping criterion that is first exceeded tor each combination ot 
ship speed and heading angle. Those criteria are listed in Table 7.1. The lower matrix of 
each table identifies die significant wave heights (in metres) at which the limiting criteria are 
exceeded. Thus the two matrices in each table are complementary.
Among the 12 criteria listed in Table 7.1. the criterion 3 was not considered in 
above evaluations because of the lack of detailed information for such criterion, and the
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criterion 8 used here is the 2.54 metres double amplitude of significant vertical 
displacement at flight deck due to pitch only. The criterion 8 was discussed by Olsen^15! in 
detail. The above treatment of the criterion 8 follows the practice of Olsen.
From the results in Table 7.3-7.6, it can be seen that the criteria 2, 8 and 12 are 
most seriously concerned. All those criteria are closely related to the pitch motion of the 
SWATH. If the pitch response can be reduced, the seakeeping quality of the SWATH will 
be improved considerably, specially for following and stern oblique sea cases. The 
SWATH 1 model used here has no fin control system. The use of passive or active tins can 
reduce the pitch response considerably, and consequently improve the seakeeping quality 
of SWATH. The detailed discussion about fin control on SWATH ships were given by 
Caldeira-Savaiva and Clarke^16  ^ and McGregor, et a lJ I7l, but this is beyond of the scope of 
the present study.
The results in Table 7.3-7.6 also show that the SWATH performance is very good 
in head, bow quartering and beam seas, but appears to suffer in following and stern 
quartering seas because of pitching. The pitch spectrum in following sea at 20 knots is 
represented in Fig.7.12 against the wave frequency. At G)=0.476, the denominator in 
Eqn.7.14 becomes zero, the encounter wave spectrum is therefore approaches to infinity. 
In this case the area under the wave spectral curve remains finite^1 L I he peak on the 
encounter wave spectrum contributes a large peak on the pitch spectral curve which results 
large pitch response of the SWATH in irregular following waves, hurthermore. with the 
information of Table 7 .3-7.6, the seakeeping effectiveness of a ship in given ocean 
environment can be evaluated ms follows.
7.5.4 Seakeeping  effect iveness  evaluation
Seakeeping effectiveness is the percentage ot time that a ship could expect to 
operate in given ocean environment without violating any of the specified criteria. I Ik data 
in Table 7.3-7.6 were derived based on the 17th ITTC spectrum (two parameters), it is then 
possible to take the observed wave heights for a specified ocean environment and evaluate
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the seakeeping effectiveness of the SWATH 1. The average probability of occurrence of 
specific ocean conditions in the North Atlantic are listed in Table 7.7t14’15!. By means of 
the probability data in Table 7.7 and the data in Table 7.3-7.6, the seakeeping effectiveness 
of SWATH 1 in the North Atlantic can be estimated. To do this two assumptions should be 
made as follows:
1, the probability of the encountering a sea at a specific heading angle relative to the 
ship is equally likely for all headings, and
2, the speed at which the ship desired to operate is equally distributed at 0, 5, 10, 
15, 20 and 25 knots.
Table 7.7 Wave Height Distributions^1^
North Atlantic Summer (June, July) 
Significant Wave Period (T, seconds)
Wave Height
(Z,  metres) T<7 8<T<9 1 ()<T< 11 12<T
Z <0.75 .12 .00 .00 .00
0 .7 5 < Z < 1 .75 .37 .06 .01 .01
) .75< Z < 2 .75 .15 .09 .03 .01
2 .75<Z < 3 .75 .04 .03 .02 .01
3.75<Z <5 75 .01 .02 .01 -01
5 .75<Z < 7 .75 .00 .00 .00 .00
7 .7 5< Z < 9 .75 .00 .00 .00 .oo
Significant 
Wave Height
North Atlantic Winter (December, January) 
Wave Period (T, seconds)
(Z, metres) T<7 8<T<9 1()<T< 1 1 12<T
Z<0.75 .03 .00 .00 .00
0 .75<Z <  l .75 .15 .00 .01
1.T 5<Z <T 75 .13 .10
.04 .02
: .75<Z- ; .06 .07 .05 .01
f75<eZ‘,5 .75 .02 .05
.06 04
5 .7 5 < Z < 7 .7 5 .01 .02
.02 02
7 75<Z<W 75 .00 .01
.01 -02
i
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Table 7.8 Seakeeping Effectiveness of SWATH 1 and the Speed Effect on it 
in the North Atlantic (Criteria 1-2, 7-9, 11-12)
Speed (knots) All 0 5 10 15 20 25
Summer 0.87 1.00 0.98 0.85 0.78 0.73 0.91
Winter 0.78 0.92 0.91 0.73 0.70 0.66 0.73
General 0 .82 0.96 0.94 0.79 0.74 0.69 0.82
Table 7.9 Comparison of Seakeeping Effectiveness 
Between SWATH and Monohulls
Season SW ATH 1 FFG 7 FF 1052 DD 963
Summer 0.87 0.78 0.84 0.92
Winter 0.78 0.48 0.58 0.71
General 0.825 0.63 0.71 0.815
Note: The criteria 1-10 for monohulls and the criteria 1, 2. 7-9, 11, 12 for SWATH
The results for prototype SWATH 1 in the North Atlantic for different seasons are 
shown in Table 7.8. The effect of forward speed on seakeeping effectiveness is also 
presented in the table. The seakeeping effectiveness of the SWATH 1 decreases as the 
speed increases from 0 to 20 knots. The poorest case is 20 knots. At 25 knots seakeeping 
effectiveness becomes better. The results at 30 knots have also been calculated (but not 
presented) and are even better than the 25 knots case.
In comparing with the monohulls, the seakeeping effectiveness ot three other 
mo nohull frigates are shown together with SWA 111 1 results in lable 7.9. I hose results 
for the monohulls were given by OlsemTheir main dimensions are also listed in I able 7.1. 
The comparison show that 1397 tons SWATH 1 provides better seakeeping effectiveness
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than 3578 tons FFG7 and 4246 tones FF1052. It would appear that the monohulls, 
especially the smaller FF1052 and FFG7 Classes without fin stabilization, poorly satisfy 
the roll criterion. On the other hand, the fin control system can also increase the seakeeping 
effectiveness of the SWATH ship considerably.
7.6 Wave Loads in Irregular Waves
The wave loads on the ship in irregular waves can be calculated in a similar way as 
the motion response evaluation in irregular waves. The Eqn.(7.1) and (7.4) can also be 
used if the motion response in Eqn.(7.1) is replaced by the wave load response. For the 
wave loads on the cross-deck structure of SWATH ships the Eqn.(7.1) becomes
_ 7
E - J IVA cuJI S(go ) dco (7.18)
where IV2(coe)l is the amplitude of horizontal force acting on the cross-deck structure of the 
SWATH and can be replaced by the other type of wave loads. l\G(coc)h IMb(coe)l or 
IMt(o3c)I. When the value of E in Eqn.(7.18) is calculated. Eqn.(7.4) could give the 
different statistical average of the specific wave load in irregular w aves.
The Pierson-Moskowitz spectrum was used in wave load calculation. The results of 
significant horizontal force, vertical shear, bending moment and torsional moment on the 
cross-deck structure of the SWATH 1 in irregular beam and bow quartering waves are 
shown in Fig.7.13-7.14. The results are given against significant wave heights. It is 
obvious that the maximum bending moment occurs at beam sea. while the maximum 
torsional moment occurs at quartering sea.
7.7 C onclus ions  
On theory
1, The method presented in this chapter together with the singularity distribution 
method described in previous chapters can be used to predict the soaker ping qualities ot a 
ship in the certain ocean environment when its hull form is given. The predictions include 
not only the motion response of a ship in given sea state or the extreme sea condition, but
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also the seakeeping effectiveness of the ship in certain ocean environments. This method 
provides a useful and economic tool to estimate the seakeeping Qualities of a ship at early 
design stage.
2, The method described here can also predict the statistical wave load responses on 
the structure of a ship in given sea state in arbitrary wave heading. With some modification, 
the method can be further used to estimate the extreme wave loads on a ship in given ocean 
environment and certain period.
On S W A T H
3, The m ethod for evaluating the seakeeping effectiveness concerns that the 
accuracy of the motion response prediction of a ship in regular wave at any possible wave 
heading and forward speed is equally important for evaluating the seakeeping effectiveness, 
while for evaluating the most serious motion conditions the head, following (pitching) and 
beam (rolling ) seas are more important than the others. Considering the conclusions made 
in chapter 4, both 3D and 2D theories give reasonable prediction for head and beam sea 
cases, but for oblique seas the 3D theory is more reliable than 2D theory. Therefore, it may 
be concluded that if only the most serious motion condition of SWATH in a seaway is 
needed the both 3D and 2D theories are acceptable, while if the seakeeping effectiveness is 
to be predicted the 3D theory will provide more reliable results than the 2D theory.
4, Because of the theoretical limitations ol the present 3D and the 2D theories, both 
of them are unable to accurately predict the motion responses ot a ship in regular following 
and stern oblioue waves near the range of zero encounter frequency. The predictions in 
above situation are important for seakeeping quality prediction, so a more reliable method 
lor predicting the motion response in regular following and stem oblique waves near the 
zero encounter frequency rtinge is necessary for future development.
5, To improve the seakeeping quality of SWATH, it is important to reduce its pitch 
response especially in following and stern oblique sea cases. The use ot a fin control
system is necessary for higher speed operations.
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6, If one is primarily concerned with the seakeeping performance of a ship, the 
SWATH can offer a major improvement vis-a-vis similar size conventional monohull 
designs.
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CHAPTER EIGHT
CONCLUSIONS AND PROPOSALS FOR FUTURE DEVELOPMENT 
8.1 C onc lus ions
As the results of the investigations presented in this thesis the following 
conclusions can he drawn.
1) The existing three dimensional panel method has been modified in two ways in 
order to improve its computational efficiency.
a) By using o f  symmetric properties of Green's function: This approach has 
saved over 30% of total computing time for the examples used in this thesis and 
it is applicable for both symmetric or non-symmetric bodies. The modification 
made in this approach is simple and easy to merge with ordinary three 
dimensional panel method program. It may, therefore, suggest a practical way 
to improve existing three dimensional panel methods (Chapter 3).
b) By introducing two types of high order panel methods: The T.C.method is 
marginally more efficient than the ordinary panel method for the present 
numerical examples where only a few hundred ot panels are employed, but this 
improvement will be more significant when a more complex body or a multihull 
body is calculated and consequently more panels are needed to approximate the 
body geometry. The T.G. method is computationally less efficient than ordinary 
panel method although it can minimize the effect from irregular frequencies 
(Appendix A).
2) The predictions from modified panel method (a) agree well w'ith experimental 
and other theoretical results for the Series 60 model, confirming basic validity of the 
present modification. The results also show that the three dimensional theory gives 
more realistic value for the low frequency hydrodynamic coefficients than the two
- 150 -
dimensional theory which is restricted to high frequency oscillation. In spite of 
these differences both two and three dimensional theories predict motion responses 
which agree quite closely for the monohull model. This is due to the fact that at 
lower frequencies, where two and three dimensional theories differ most, the 
equations of motion are dominated by the stiffness and wave exciting forces 
(Chapter 4).
3) Both two and three dimensional theories are acceptable in predicting motions of 
SW ATH ships in head and beam seas, while in oblique seas three dimensional 
theory produces more realistic predictions at least for the present tandem strut 
model. The relatively poor predictions by the two dimensional approach tire due to 
its inability to treat the hydrodynamic interaction between twin hulls properly 
because it only take such interactions in transverse direction into account (Chapter
4).
4) The viscous damping effects motions of SWATH ships significantly and must be 
considered in the motion predictions. The viscous damping on SWATH motion can 
be predicted by combining the crossflow approach with present three dimensional 
theory. In a strict theoretical sense, an extension of the equilinearization method lor 
predicting motion in irregular waves cannot be justified. However, the present 
approach is recommended until a more rigorous and practical means is developed 
(Chapter 4).
5) The standing waves can significantly effect the hydrodynamic coefficients of 
twin hull ships by introducing rapid changesinthecurves of added masses from 
maximum value to minimum value (sometime negative) and peaks on the curves ot 
dam ping coefficients. These effects can be predicted by the present th in  
dimensional theory (Chapter 4).
6) Two types of standing waves with different natures may occur in the vicinity ot 
the twin hull ships, i.e. longitudinal and transverse standing waves. The
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longitudinal standing waves occur at 2L/K=n  and transverse standing waves occur 
at2BjA-=n, where Ls is length of strut, Bi is inner distance of the twin hulls, X is 
the wave length and n is any integer number (Chapter 4).
7) The first longitudinal standing wave with the lowest frequency, i.e. 2LSA =1. 
usually produces the maximum side force and bending moment on the cross deck 
structure of twin hull ships and its induced bending moments on the cross deck 
structure of SW ATH can be predicted by the present three dimensional theory with 
reasonable accuracy in beam and quartering seas (Chapter 4 and 6).
8) The conclusions made for longitudinal standing waves are mainly based on the 
theoretical calculations. Therefore, systematic experiments are needed to support the 
present finding. If the finding is true, those longitudinal standing waves must have 
very strong three dimensional effects and subsequently the three dimensional 
method should be used in the predictions (Chapter 4).
9) The theoretical method introduced in this thesis is acceptable for predicting 
motion and sling tension of crane vessels during heavy lifting operations. The 
results confirm that both the coupling motion effect between the vessel and the load 
being lifted and the viscous damping effect on the motion are significant. I he 
present method includes these effects in the prediction and the results agree well 
with available experimental data (Chapter 5).
10) A general three dimensional method for predicting wave loads on cross deck ot 
twin hull vessels is presented and it is suitable for arbitrary wave heading unlike the 
widely used strip theory approach which is only valid in pure beam sea. The three 
dimensional predictions agree closely with available experimental data in both beam 
and quartering seas which can be used to validate the present method (Chapter 6).
11) The analytical results show that the sea approaching just forward or alt ot the 
beam can produce the biased load distribution which may introduce the maximum
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local stress on the structure. It is difficult to predict this kind of load distribution by 
two dimensional theory, but the prediction from three dimensional theory still need 
to be justified by experiments. It is believed that the present three dimensional 
method can produce the more accurate load distribution over the wetted hull surface 
of a vessel than two dimensional theory. Those predictions are important for 
structural analysis (Chapter 6).
12) The method for predicting statistic responses of motion and wave load of a ship 
in irregular waves based on wave energy spectrum is presented. This method is 
then extended to predict the seakeeping quality of a specific ship design in given 
ocean environment. By means of this method, if the ship hull form and the ocean 
environmental data for certain area are known, the seakeeping quality of the design 
can be evaluated analytically. Therefore, it provides a useful tool for practical ship 
designers (Chapter 7).
13) If only the most serious motion condition of SWATH in a seaway is needed the 
both 3D and 2D theories are acceptable, while if the seakeeping effectiveness is to 
be predicted the 3D theory will provide more reliable results than the 2D theory 
(Chapter 7).
14) P re d ic t io n  o f  sh ip  m o tio n  in fo llo w in g  w av es o r at h igh  fo rw ard  sp eed  is an 
a re a  th a t n e e d s  fu r th e r  im p ro v e m e n t of th eo ry . I his is p a rticu la rly  im p o rtan t tor 
S W A T H  if  fu tu re  d e v e lo p m e n ts  call fo r eq u ipp ing  w ith con tro llab le  fins to m ain tain  
g o o d  s e a k e e p in g  q u a lity  in fo llo w in g  w av es (C h ap te r 4 and 7).
8.2 P r o p o s a l s  f o r  F u t u r e  D e v e l o p m e n t s
T h e  th re e  d im e n s io n a l  th e o ry  p re se n te d  in th is  th es is  h as  been  sh o w n  to be a 
p ow erfu l to o l in th e  s o lu t io n  o t  sh ip  m o tio n s  and  w ave lo ad s in re g u la r  and  irre g u la r  
w aves. It h a s  b ee n  s u c c e s s fu l ly  ap p lied  to a n u m b er ot en g in ee rin g  p ro b lem s w ith 
good p re d ic t io n  a c c u ra c y .  F u r th e rm o re , the w ork  in th is  th e s is  has a lso  p ro v id e d  an 
im p o rtan t b a s is  w h ic h  can  be a s te p p in g  s to n e  to w a rd s  fu r th e r  d e v e lo p m e n ts .  A s
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extensions of the present work, a number of other problems can be dealt with by means of 
the direct application or minor modification of the present theory and program. These 
problems are briefly listed as follows.
1) Relative bow motion and slamming: The usual approach to predict the relative 
bow motion of a ship is to simplify the problem by neglecting the effect from 
disturbance of the ship to the local free surface elevation near the bow. This results 
in generally poor prediction, e s p e c ia l ly  fo r  the  tw in  hu ll  vesse ls  s ince  the 
hydrodynamic effect is very significant in this condition. Both experimental and 
theoretical results have shown that at certain frequencies the amplitude of wave 
elevation in the vicinity of twin hulls can be three or four times higher than the 
amplitude of the incident waves, so this contribution to the relative bow motions
can not be simply neglected. The present theory and the program have the ability to 
predict such an effect even near the bow region where the three dimensional effect 
is significant. It is worth while to investigate the application of the present theory to 
predict the relative bow motion of twin hull ship by taking the local elevation into 
account. With better predictions of relative bow motions, the prediction of the 
occurrences of s lam m ing and the slamming forces acting on the cross deck 
structures of twin hull ships, which are difficult to predict correctly by traditional 
strip theory approach instead some empirical correction terms must be used, will 
also be improved.
2) U pw elling : The upwelling phenomenon in the vicinity of twin or multi hull 
bodies, such as SW ATH, semi-submersible and TLP, can be predicted by the 
present theory in both frequency and time domain. This approach can directly deal 
with three dimensional problem in a much cheaper way than the finite differences 
and finite elem ent method. By means of the theoretical and experimental 
investigations into upwelling, the standing wave phenomenon and its effect on the 
wave loading can also be systematically studied. This is still an area which is not 
well understood.
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3) Predicting motion and forces between two ships closely advancing in waves: 
This is equivalent to the problem of ships fueling in a seaway and is of interest to 
either naval or merchant ships. By slightly modifing of present theory this problem
can be predicted.
The applications of the present theory is now restricted to the first order force and 
motion problems. With the further modification of the present theory and program, the 
study can be carried out in the second order force and motion problems in both frequency 
and time domains, i.e.
4) Second order wave drifting forces and motions: Based on the first order 
potential provided by the present program, it is possible to calculate the second 
order wave drifting forces and motions by using the near field approach. The 
second order forces are primarily important in the motion prediction of mooring 
systems and for TLPs. This approach can also extended to the time domain solution 
for the problem of so called 'low frequency second order motions' by applying 
Fourier transformation to the frequency domain solution.
5) Wave added  resistance: The wave added resistance is equivalent to the 
prediction of the second order wave drifting forces acting on the moving bodies in 
surge direction. The forward speed effect can be considered in two different ways: 
firstly, by simplified three dimensional approach as described in this thesis in terms 
of the forward speed correction terms, or by full three dimensional theory in terms 
of the translating and pulsating source which satisfies the forward speed dependent 
free surface condition. The second approach is much more computationally time 
consuming than the first one.
So fa r th e  d is c u s s io n s  have shown that the present theory and program have been 
successfully applied or have the ability to apply to wide range of motion and wave load 
problems for both ships and offshore structures. However, it should always be keept in mind 
that this application is only valid for the problem in which the basic assu m p tio n s  of the
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theory are acceptable. In other words, the present theory can only apply to the problems 
with linear free surface, small motion amplitude and an open free surface region, and for a 
moving body the Froude number must be low and the oscillation frequency must be high. 
Removing all of these limitations is, at least at present, impossible, but modifying some of 
them for a specific purpose do can form a reasonable proposal for future development.
6) Introducing the translating and pulsating source: When a ship moves a quite 
high Froude number, the forward speed effect on the free surface condition is not 
negligible. Therefore, the Green's function which satisfies the forward speed 
dependent free surface condition, i.e. translating and pulsating source, should be 
employed in the present program. The hydrodynamic effect from the steady state 
potential may also considered if necessary. This approach may be extended to the 
second order problem to calculate the wave added resistance as mentioned in the 
Proposal 5.
7) Large amplitude motions : The large amplitude motions in serious ocean 
environments are of primary concern in the design practice for either ships or 
offshore structures. The removal of the linear assumption on the tree surface 
condition and the body surface condition which is derived from the mean wetted 
surface becomes necessary. The use of fundamental sources (1/R) distribution over 
whole body, free surface and a control surface at infinity is one ot the possible 
approaches. In terms of this approach the introduction of non-linear tree surface 
boundary condition is relatively easy. If the frequency domain solution is furthei 
transferred to the time domain there even exists a way to solve the problem tor the 
body surface kinetic boundary conditions over instantaneously submerged body 
surface. Unfortunately, the non-linear radiation condition at infinity is still a 
difficult task. There are two possible ways to do it firstly, by setting the control 
surface, on which the radiation condition must be satis!ied, tar away from the 
body, so that the non-linear radiation effect is negligible. But this will increase the 
total num ber of panels required on the free surface and consequently the 
computational effort will increase dramatically. Secondly, by applying tfu solutions
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for the non-linear radiation condition on the control surface. This may lead a 
efficient way for the present problem, but is a mathematical problem.
Apart from the foregoing discussion, there is a more practical method to solve this 
problem. In this method, the present frequency solution is firstly transferred to the 
time domain, then the hydrostatic and hydrodynamic terms in the motion equations 
can be derived on the instantaneously wetted body surface at every time step by 
using the present program, and finally the motion equation can be solved at each 
time step. This method is not theoretically rigorous since the linear free surface 
condition and linear body surface condition are still kept in the solution. However, 
it is simpler and more straightforward than the first suggested approach, and it can 
improve the solution over the original three dimensional theory.
8) Ship motions in following seas: The solution of this problem is an area that 
needs further improvem ent both theoretically and experimentally. The use of 
translating and pulsating source can improve the solution near the zero encounter in 
following seas since this approach does not assume the high oscillation frequency at 
forward speed case. But the experiments have shown that the coupling effect 
between the surge and pitch on the motion responses in the following seas is 
significant. This kind of coupling effect may not be small enough to be considered 
by the linear assumption. The prediction of the motion responses in the following 
seas, especially for the SWATH with fin control system, isanimportant task for the 
future research.
9) Solution o f a problem with restricted free surface region. The oil sloshing in a 
tank at a seaway is such kind of problem. The combination of the present theory 
and the fundamental source distribution method (Proposal 7) for the fluid region 
outside and inside the tank respectively may suggest a way for the solution.
The three dimensional theory is still computationally expensive, especially when 
translating and pulsating sources are used. Clearly another important area is to improve
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computational efficiency which leads to the following tasks.
10) To find a efficient way to evaluate the double integral in the translating and 
pulsating source is a key point to make the full three dimensional theory for ship 
motion problem computationally more efficient.
11) H igh  o rd er p a n e l m e th o d : As discussed in Appendix A the high order panel 
method has potential to improve the computational efficiency of three dimensional 
panel m ethod when more panels are required to approximate a complex body or a 
multi hull body. Even for simple mono hulls, if the translating and pulsating source 
is employed and the steady state potential is taken into account the high order panel 
method may becom e com putational efficient. As next step of the developm ent of 
high order panel method the quadrilateral curvilinear panels with constant or higher 
order source density distribution may be introduced. The major advantage of such 
panels is that they fit the body surface more closely than the present triangular plan 
panels used in Appendix A.
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APPENDIX A
HIGHER ORDER PANEL METHODS
Abstract
Triangular panels with linear source density distribution are employed in the 3D panel 
method for the radiation and diffraction problem. Both the collocation and 'Galerkin’ 
techniques have been used in the solution of the boundary integral equation. Extensive 
computations were made for the hydrodynamic coefficients of a spheroid and a Series 60 
model. Comparisons on accuracy, efficiency and the behaviours in the vicinity of the first 
irregular frequency have been made between the present approaches and the ordinary panel 
method which uses quadrilateral panels with constant source distribution on each panel. The 
results show that the triangular panel method with the ’Galerkin' solution can minimize the 
effect from irregular frequencies, but it is computational inefficient, and the triangular panel 
method with the collocation solution is more efficient than the ordinary quadrilateral panel 
method.
1. Introduction
The 3D boundary integral method (or panel method) was pioneered by Hess and Smith 
(1964) in the context of infinite fluid flow. In their method the body surface is replaced by 
plane quadrilateral panels and a constant source density is assumed on each panel. In terms of 
Green's theorem, a Fredholm integral equation can be derived from the body surface boundary 
condition and then solved by the collocation technique for the velocity potential on each panel. 
Based on their work, numerous others, such as Garrison (1974), Faltinsen and Michelsen 
(1974), have extended this approach to the radiation and diffraction problem of linear surface 
waves by introducing the free surface potential or Green's function.
Nowadays, this approach which uses quadrilateral panels with constant source density
and collocation technique to r  its solution (called ordinary panel method in the following) has 
already used in most o t 3D  panel m ethod programs, but there are two limitations which are 
worthy of noting here.
1. The com posite  source surface is discontinuous. For an arbitrary body it is not 
possible to arrange the trapezoids so that all four comers of each panel match the comers of 
adjacent panel. In other words, the source surface has leaks (see Fig. 1).
2. The source distribution is discontinuous. The source density is constant over each 
panel and therefore jumps stepwise at boundary o f two panels.
To avoid these lim itations, one can either increase the number o f panels used to 
approximate the body surface or improve the accuracy o f each panel (changing the shape of 
panels or using higher order distribution o f source density over each panel). In so 
latter approach is effective and has already been used successfully in some panel programs, for 
example Breit, N ew m an and Sclavounos (1985) and Breit (1985). In this study, an alternative 
way using triangular panels with linear source density distnbution was employed in the 3D  
panel method. It is clear that this land o f  panel can eliminate the two limitations m enfoned  
above and improve the accuracy o f panel description.
T w o alternative methods based on the triangular pane, approach were used in this
paper. One o f  them uses the 'collocation' technique to solve the boundary tntcg
(called T.C. m ethod) and another uses 'Galerkin' technique (called T.G. method). Ih e
compansons were made among the three methods, T.C., T.G. and ordinary pane, method with
the collocation solut.on, for heave added mass and damping coefficients o f a sphered,
heave added mass and damptng c o e f f ic ie n t  distribution along the hull of a Sencs 60 mode k
. i but it can minimize the cllect
results show  that the T.G. method is computationa »
• n  T f  method is shown to be more efficient than the 
from the irregular frequencies. The T.C. m . . .
] ^xamDles for which only a few hundred or
ordinary panel method. In the present num
*• „oi ^ffiriencv o f the T.C. method is not 
less panels were used, the improvement o f computa 10
mi.11i-Hii 11 body is considered and more panels are
significant. If a more com plex geometry or
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required, the advantage o f  the T.C. method will be more apparent. Finally, the possible 
directions for future work on the computation o f wave-body effect using boundary integral 
method have been discussed.
2. Formulation of the Problem
The form ulation considers a rigid body floating on a free surface. A right handed 
coordinate system  o -x y z  fixed  with respect to the mean position o f  the body is used, with 
positive z vertically upwards through the centre o f gravity o f the body and origin in the plane o f  
undisturbed free surface. Assuming the fluid to be idealized, the linearised problem describing 
the hydrodynamics associated with a body in sinusoidal waves may be expressed in terms o f  
the velocity potential, <j>(x,y,z). The com plex time dependence e'itot, where co is circular 
frequency and t is time, has already been factored out After making the linear decomposition, 
the total potential can be rewritten as 
6
$  = <l>0 + <j>? + X  (1)
i=l
where <j>j, i = l , 2 ,.. .6 , are the velocity potential arising from the motion o f  the body and 
i= l,2 ,...6 , are the amplitude o f motion in each o f six degrees freedom. The modes i= 1,2,3 
correspond to translation in the x, y, z directions and modes i=4,5,6 to rotation about the same 
axes respectively. <j>o is the incident wave potential, i.e.
(j> =  —  e x p (  kz + ikxcosP  - ikysinP  ) (2)
0 co
where a is the wave amplitude, P the direction o f wave propagation relative to x-axis and 
k=co2/g is the wave number. (J>7 is the diffraction potential. All potentials fo, i= l,2 ,...7 , are 
governed by Laplace equation, the linear free surface condition, seabed condition, the body 
surface condition and the radiation condition.
Substituting the Green's function and one o f  the potentials fo, i= l,2 ,...7 , into Green's 
theorem leads to the boundary integral equation
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- Q  <j>. (x) +
(3)
where x= (x ,y ,z ) and  ^-(£,,T],^) are two points on the body surface, n= (n i,n2,n3) is the unit 
outward n o rm al and  x x n —(n4,n5,ng), V n is the normal com ponent o f the velocity on the body 
surface an d  is eq u a l to -iconj for j= l,2 ,...6  or -d<f>o/3n, j=7. In general, Q(>0) takes a value o f 
2 k  if  x is on a p lan e  su rface , but o therw ise is the solid angle inside the fluid in the 
neighbourhood  o f  p o in t x, if  x happens to be a vertex point, then G (x,£) is the G reen's 
function, w h ich  has d iffe ren t form  in different boundary conditions. A good collection o f 
Greens fu n c tio n s  can  be found in [W ehausen and Laitone, I960].Since V n is know n, the 
unique so lu tion  o f  the E qn.(3) always exists except at a set o f discrete frequencies known as 
'irregular frequenc ies '.
T he in tegral Eqn.(3) m ay be solved numerically beginning with the subdivision o f body 
surface S in to  N  panels. L et Sj be the surface area o f jth  panel (j= l,2 ...N ). After discretising, 
the Eqn.(3) can be w ritten  as
where the su b scrip t i is om itted  from  ()). G enerally, (|> is variable in each panel. For different 
assum ptions on  the sou rce  density  distribution over each panel, one can choose different 
collocation po in ts x and m ake a linear system  of equations with equal num ber o f unknowns. 
This system  o f  equations can then be solved directly for velocity potential. This is so called 
'collocation m eth o d '. In an alternative way, the 'Galerkin technique may be used w here 
Eqn.(3) is satisfied  in an averaged sense by integration over ith panel, i.e.
0 4 > (x) + ] £  @  = X  f d5 Vn ( £ ) G f c x )  (4)
(5)
j=i Sj s,
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The num erical solution o f Eqn.(4) and (5) involves evaluation of the indicated integrals 
over each panel and solu tion  o f resulting linear system. In the ordinary panel method, the 
source density  ov er a panel is assum ed constant. The singular part of Green function is 
integrated analy tically  [H ess and Smith, 1964J, and the integral of the regular part is simply 
obtained by <J>jSj, w h ere  <J>j is the source density in jth panel. In alternative, the source 
distribution can be assum ed  to have a higher order approxim ation and the integral is then 
performed by analytical m ethod or numerical procedure to a certain accuracy. This leads to the 
higher order panel m ethod. In present study the triangular panel with linear source density 
distribution is em ployed . This kind o f panel can eliminate the two limitations o f the ordinary 
panel method as m entioned above.
3. Numerical Solution Using Triangular Panel with Linear 
Source Density Distribution
3.1 Collocation m ethod (T.C. method)
To solve Eqn.(4) num erically, N flat triangular panels are used to approximate the body 
surface and there are N j  grid  points on the body surface. Each panel has linear distribution of 
velocity p o ten tia l o v e r it, so the source density function <J) within each panel can be 
approximated by som e convenient linear distribution function as follows
 ^ Sj = §2®’ 83ft)] p^(j)
where <j>p(j) is a th ree com ponents vector and denotes the values of <|> at three vertices of jth 
triangular panel and  in tegers pi, i= l,2 ,3 , are evidently depend on the jth panel. Combining 
Eqn.(6) and (4) gives
N N
■ ^ W  + l Q j * M) = I > j vW> (?)
"here Pj and Qj are source and norm al-dipole distribution integrals over jth panel and vpo) is
the normal vector on the three vertices o f the jth panel.
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Pj = |  [g r  g 2> g 3J G (x, £)
s i
(8)
P 5
Qj = j  t g r  g 2. g 3l f a  G  (*. 4) dx
The G reens function  can be written as
G = — + G *(x , £) 
r
where r  = |x-£ |, 1 /r is d e fin ed  as the singular part o f Green function and G*(x, £) is the 
regular part. It is m ore conven ien t to integrate the Eqn.(8) by treating the singular and regular 
parts of G reens function  separately.
3.1.1. In tegration o f  the singular part over a panel
The s in g u lar part, 1/r, is not slowly vary when the point x is near the panel over which 
the integration  is to  be ca rried  out and are, in fact, singular as r->-0. Thus, the integral of 
Eqn.(8) fo r s in g u la r p a r t w as carried  out analytically in this study. The analytical formula for 
such in tegration w as derived  by W ebster(1975) in terms o f the local coordinate system. Since 
the detail o f  the form ula can be found in [W ebster, 1975], it is not given here.
3.1.2. In tegration o f  the regular part over a panel
T he reg u la r part o f G reen 's function, G*, is much more complex than the singular part 
and consequently , it is im possible for it to be integrated analytically. The regular part and its 
normal derivative, G* and 0G */3n, are regular throughout the fluid domain and oscillate with a 
wavelength o f  ap p ro x im a te ly  X. In practice, X is generally large, so G* and 9G*/an vary 
slowly o v er Sj. T hus a valid  and convenient approxim ation to the integration for G* and 
is to eva lua te  the integration by the discrete source approximation. The final formulae 
fro as follow s
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TP =s.
J J
(9)
T  G *(X' V  + 1 7  °* < X- V  
? G*(X' V  + 1 I G*(X' ’W
i G*(x-V  + i G*(x,xM)
where xpo is coordinates of the centroid of jth triangular panel, xpi, i=l,2,3, are coordinates of 
the three vertices of jth triangular panel. <J>pi,<j)p2 and <1^3 in Eqn.(7) are the potentials at xpi, 
xp2and xp3 respectively. Simply replacing G* in Eqn.(9) by dG*/dn gives
—  G*(x, x ) + G*(x, x )
4  dn po 12 dn pi
—- ^ - G * ( x ,  xo )+  - i- J -G * (x , )
4  3n v ’ po'+ 12 dn P2y
_ L J L g *(x, x ) + - L J L g *(x, x0 ) 
4  5n V po' 12 dn  ^ * P3;
(10)
and
3G* _ 3G* 3G* _ 3G*
3n 1 o x  * a y d  2 d v 3 d z
3.1.3. Solution of the boundary integral equation
Substituting Eqn.(9) and (10) together with the integral results of the singular part over
each panel into Eqn.(7), a set of the equations with N j unknowns is obtained. So far, the point
x in Eqn.(7 ) is undecided. If the x is chosen to be at each grid point, it leads immediately to a
linear system of NT algebraic equations with the same number of unknowns. This linear
system can be solved directly for the velocity potential at each grid point in terms of standard
computer subroutine.
3-2 'G alerk in ' m ethod (T.G. method)
The triangular panels with linear source density distribution are again employed, but the
boundary integral equation from ’Galerkin' approach, Eqn.(5), is used here. Substituting
Eqn.(6 ) into (5), a similar discrete integral equation to Eqn.(7) is obtained. The integrations
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over each panel w ith respect to the ^-variable in Eqn.(5) are treated in the same way as those in 
c o l l o c a t i o n  m ethod for both the singular and regular part. That is, the singular part of Green's 
function is ana ly tica lly  in tegrated , and the regular part is integrated by making use of Eqn.(9) 
and (10). On o ther hand , all the integrations with respect to x-variable in Eqn.(5) are carried 
out by the d iscre te  sou rces approxim ation method which is similar to the way used to derive 
Eqn.(9) and(10). T h en , the x in Eqn.(5) is chosen as each o f NT grid points. The system o f NT 
equation is solved directly .
4. Numerical R esults
In order to com pare  the present numerical schemes with the ordinary panel method, the 
extensive com pu ta tions have been perform ed for heave and pitch added mass and damping 
coefficients o f  a sem i subm erged  prolate spheroid (beam /length=l/4) and the added mass and 
damping co e ffic ien t d istrib u tio n  along the hull of a Series 60 model (C b = 0 .7 0 )  in infinite 
depth. The added m ass and  dam ping coefficient are defined in the conventional manner, as the 
factors which m ultip ly  the acceleration and velocity of the body respectively, in the equation for 
the radiation force.
The co m p ariso n  betw een  the three different methods for added mass and damping 
coefficients o f  the sphero id  are presented in Fig.2 and 3 in heave and pitch modes respectively. 
The hydrodynamic coefficients are plotted against the parameter 1/V(Mk), where M k is the total 
numbers o f ev a lu a tio n s o f  G reens function and its derivatives or the total numbers o f the 
elements o f the m ain  m atrix  in discrete boundary integral equation (Eqn.(4) or (5)). The same 
Mk value m eans the about sam e CPU time consumed in creating such a matrix.
For ordinary panel method
x , 7 <n >Mk=N 2
For T.C. method
(12)
M k = ( N + N t ) * N t  
For T.G. m ethod
M k = 4 * ( N + N t ) * N t  (1 3 )
The inversion o f  such a m atrix takes times like N1 for ordinary panel method and N r ’  for T.C. 
and T.G. m ethods. The d ifferent panel arrangements for each kind of method are listed in the 
Table 1. T he fin est panel arrangem ent is for the ordinary panel method and has 162 panels on 
half of the body.
In the resu lts show n in F ig.2 and 3, the values from three different methods fall nearly 
on a straight line, spec ia lly  for the ordinary panel method, and have the same tendency. It is 
therefore reasonab le  to assum e the error of the results reduces as 1 a /(Mk) approaches zero and 
the 'most accurate ' results are obtained from the finest panel arrangement for the ordinary panel 
method. B ecause the accura te  results are unknown, the comparisons are made based on the 
! most accura te1 resu lts.
F rom  the F ig .2 and  3, it can be seen that the results obtained by the T.C. method 
converge to the ’m ost accu ra te’ results more quickly than those by the ordinary panel method. 
For the sam e 1 / V ( M k )  value, the results from the T.C. method are closer to the ’most accurate' 
results except the coarest panel arrangement. In other words, for the same accuracy, the former 
: is com putationally m ore  effic ien t than the latter. In contrast, for the same 1/ V ( M k )  value the 
| T.G. m ethod p roduces w orse results than the other two, this means the T.G. method is less 
| efficient than the others for the present numerical example. For the same panel arrangement it is 
found that the T .G . m ethod  hardly gives the im provem ent on the accuracy over the T.C. 
method, but its M k  value is four times higher the that of T.C. method. Its large increase on 
computational effort and little improvement in accuracy make it computational inefficient.
The im p ro v em en t in the accuracy by T.C. m ethod is more significant at higher 
frequency than that at low er frequency, because the shape error between actual body surface 
and com posite panel surface dom inates the total error of the results at lower frequency, but at 
Mgher frequency the erro r caused by rough approximation of source distribution plays a more 
important role. S im ilarly , the im provem ent o f the T.C. method is more obvious in pitch m od’ 
than that in the heave m ode because the velocity potential distribution is more variable 
pitch motion.
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Perhaps the m ajor shortcom ing of boundary integral method for free surface problems 
is the p resence o f  'irreg u lar frequencies' which correspond to the eigenfrequencies of the 
interior hom ogeneous D irich le t problem. The behaviour of the different panel methods have 
been investigated  in the vicinity o f the first irregular frequency. The results according to the 
four m odels w ith  d iffe re n t num ber o f  quadrilateral panels with constant source density 
distribution are show n  in Fig.4. The am plitude and bandw idth of the irregular frequency 
disturbance d ec rease  w ith m ore panels. Fig.5 shows the comparison among different panel 
methods in the v ic in ity  o f  the first irregular frequency. For the same num ber o f panels, the 
disturbance o f  irreg u la r frequency on the results obtained by the T.G. method is less than that 
on the results by the T .C . m ethod, but both of the triangular approaches show the better 
behaviour than the ordinary panel approach.
The co m p ariso n  betw een the ordinary panel method and the T.C. method has been 
further m ade for the added mass and damping coefficient distribution along the hull of a Series 
60 model w ith C b=0.7  at F n=0.2. The 104 panels were used in the ordinary panel program to 
approximate the h a lf  o f  the hull form, otherw ise the 104 panels (N) with 75 grid points (N j) 
were used in the T .C .m eth o d  program . A33(x) and B33(x) are added mass and damping 
| coefficient p e r un it length  at x position along the hull. The V(Mk) value for ordinary panel
I
! method is 104 and for the T.C. m ethod is 116. The CPU time required to invert the matrix is 
i  normally d ep e n d en t on  N 3 for the ordinary panel program  and Nt3 for triangular panel 
! program respectively , so the total CPU time consum ed on the two programs are nearly same.
| The Fig.6 show s the com parisons o f the two kinds o f the results with the experimental data 
given by V ugts (1971). The T.C. method gives more accurate results.
C o n clu sio n  a n d  F u tu r e  D ire c tio n s
Tw o a lte rn a tiv e  approaches to 3D panel m ethod for the radiation and diffraction 
problem have been presented. For present numerical examples the T.C. method is shown to be 
more efficien t than  the o rd inary  panel m ethod, in other words the form er produces more 
accurate results than the latter w ithout increasing the computational effort, but the T.G. method
^computational inefficient.
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The investigation of the irregular frequencies shows that both amplitude and bandwidth 
of irregu lar frequency  disturbance dim ishes as the num ber o f  panels increases. If the same 
number o f  panels  are used, the T.G. method shows the better behaviour than the T.C. method 
but both o f  them  perform  better than ordinary panel method.
In the panel m ethod, the solution involves the two main CPU time consum ing steps, 
(1) creating the N *N  m atrix (or NT*NT for triangular panel approach) by evaluating the Green 
function and its derivatives and (2) inverting this matrix. The CPU time required on the first 
step increases as the o rder o f N 2 (or NT2), but the second step takes times like the order of N 3 
(or N t 3). T uck  (1974) suggested 'any com puting problem  involving inversion o f a dense 
matrix is optim ized by m aking the time taking to invert the matrix about equal to that required to 
evaluate its elem ents'. In the present programs the time required on the two steps is about same 
if a few hun d red  panels are used. Otherwise, for the more com plex geometry or multi hull 
body it w ill be n ecessary  either to increase the num ber o f panels, shifting the burden almost 
entirely to the m atrix  inversion or else to improve the panel description. In order to balance the 
CPU time required  on the two steps to optimize the calculation, the higher order panel approach 
may be valuable.
In the p re sen t num erical examples in which only a hundred or less panels were used, 
the im provem ent by using triangular panel approach with collocation solution over the ordinary 
panel m ethod is no t significant. The consideration should be made on the potential efficiency of 
the present app roach  w hen large num ber of panels are required in the calculation. In such a 
case, the use o f  h ig h er accurate panels may reduce the total num ber o f panels required in the 
calculation and save C PU  time on the inversion of the main matrix.
F ina lly ,it is no ted  that the combination of the present triangular panel approach with 
ordinary quadrilateral panel approach to match the different places of a ship hull and reduce the 
total num ber o f  re q u ired  panels is one possible future direction for the present work. 
Introducing the cu rv ilin ea r panel instead o f present plane-panel to fit the body surface m 
closely is another possib le future direction.
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Fig. 1 Quadrilateral panels on irregular surface
Table 1 D iffe ren t panel arrangements on the submerged surface o f a spheroid (e= l/4 ) 
for the th ree  d iffe ren t panel methods. N is the num ber o f panels on the half o f  the 
subm erged su rface  and N t is the num ber o f grid points (for triangular panel method). 
The param etre M K is defined by E q n . '( l l ) ,  (1 2 ) a n d  (13)
quadrilateral panel 
m ethod
triangular panel method 
( co lloca tion )
triangular panel method 
( 'G alerkin')
N V(MK) N Nt V(MK) N Nt V(Mk)
1 18 18 18 16 23.3 18 16 26.6
2 32 32 32 25 37.7 32 25 75.4
3 50 50 50 36 55.6 50 36 111.2
4 72 72 72 49 77.0 72 49 144.0
5 98 98 98 64 101.8 98 64 203.6
6 128 128
7 164 164
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-  Quadrilateral panel method 
Triangular panel method ( collocation )
-  Triangular panel method ('Galerkin')
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Fig. 2 Comparisons o f the heave added mass and damping coefficients of a spheroid 
(8=1/4) obtained by the three different panel methods versus reciprocal o f the parametre 
V(M^). M k is defined by Eqn. (11 )> (1 2 ) and (13)
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>-------  Q u a d r i l a te ra l  panel  method
Triangular panel method ( collocation ) 
 Triangular panel method ('Galerkin' )
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Fig. 3 C om parisons o f the pitch added inertia and damping coefficients of a spheroid 
(e = l/4 ) ob ta ined  by the three different panel methods versus reciprocal of the parametre 
V(Mk). M k  is defined  by Eqn. (1 1 ) , (12 ) an d  (13)
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Fig. 6 Heave added mass and 
damping coefficients distribution along 
the hull of a Series 60 model (Q,=0.7) 
with ci)c=7.0 and Fn=0.2.
APPENDIX B
LINEARIZATION OF THE FREE SURFACE CONDITIONS
The condition for free surface is as follow
(B .l)
where zo=C(x0»yo,t) represents the free surface elevation. (D/Dt)=d/9t+V-V.and dynamic 
condition is obtained from Bernoulli's equation by assuming the pressure at the free surface 
be constant equal to atmospheric pressure.
It is clear those conditions involve the unknown of the free surface elevation, £. To obtain 
the single boundary condition for the potential which does not explicitly involve the wave 
elevation, the substantial derivative of Eqn.(B.2) and the fact of
DT = (ct,Zo)z 0 =  ^
from E qn.(B .l) gives the new linear free surface boundary condition
The potential here involves both steady and unsteady components. According to the 
assumptions of the incident wave and the resulting motion responses of the body are small, 
the linearization of Eqn.(B.3) can be made by introducing Eqn.(2.4) to Eqn.(B.3) and 
neglecting only the second order of the unsteady potential <J), that is
<j> + 2 W*V<j>t + W*V (W • VO) + g <)>z
+ I ( W  + V<}>)-V (W -W ) + gU 4>z = 0 on z = C (B-4 >
where W is the velocity vector of steady flow relative to the moving reference frame
O t +  - V  O -V O  + g £  = 0. (B.2)
O + 2V<b-Vd> + — VdJ-VfVO-VO) + = 0 ,  z=£. (B.3)
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W  = U V (B.5)
and there is no restriction on steady potential. Newman argued that directly applying the 
Eqn.(B.3) on the steady free surface elevation, z=X, by assuming the difference between £ 
and X is higher order quantity and used the Taylor series expansion in Eqn.(B.2) showed
which is o f the order 0(<j>).
Hence expanding all the terms in Eqn.(B.4) from £ to X and neglecting the second 
order quantity 0(<i>2), it follows that
This equation governs the unsteady potential provided by the velocity of the steady flow W 
is known. Since the steady flow depends not only on the steady forward speed but also on 
the body geometry, the linearization of the steady potential can be adopted only when 
suitable geom etric restrictions are placed on the shape of the body surface. If further 
assume that the body geometry is thin or flat or steady forward speed motion is small, the 
higher order quantities 0((jNj)) and 0((j)2) can be neglected from Eqn.(B.7) due to <j) is small, 
the Eqn.(B.7) reduces to
For the steady forward motion the boundary condition can be obtained by letting 
unsteady potential (j) to be zero in Eqn.(B.4), that is
£ - £  = -[(<l>t + W' Vlt,)/(g  + w 'Wz ) -
-  z=£ (B.6)
(j)tt + 2 W  • V(|)t + W • V (W • V(j)) + g (j)z + -  V(|) • V(W • W)
4 4 [ w 'V ( W ‘W ) + g U * z ] ( t - o = °  °n z < -  (B-7)
<X> - 2 U O  + U 2 <x> + g O  = 0  onz=£.
H x t XX Z
(B.8)
W  • V(W  ■ W ) + g U <t>z = 0 on z=? (B.9)
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where the steady state free surface elevation J is given by
^=._L(w w - u 2)z-
= V<I>’ 2^ x4 ' ;  <b -10)
which states the steady wave elevation X is of the order 0(<j>2). Therefore, applying 
Eqn.(B.8) on z=0 instead of z=£ has the error of order 0(<j>2). Thus the linear free surface 
boundary condition can be written as
O tt- 2 U O t + U2 0 x + g O = 0  on z=0 ( B .l l )
For the case o f a body in steady forward motion the time dependent terms in 
Eqn.(B.l 1) go out and the steady potential <j> satisfies the linear boundary condition
u2* + g * = 0  on z=0 (B.12)
Alternatively for a body without forward speed the speed dependent terms are 
vanished and E q n .(B .ll) becomes
(j>tt + g <j) = 0 onz=0 (B.13)
For the time harmonic problem introducing Eqn.(B.2) to Eqn.(B .ll) and (B.13)
gives
( ic o  + u i - ) 2 t  + g 4 - t  = 0 o n z =° (B 14)
dx dz
for forward speed case and
-a>2 4» + g  J-4>  = 0 onz=0 (B 15)
dz
for zero speed case.
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APPENDIX C
SIMPLIFICATION OF THE BODY BOUNDARY CONDITION
The boundary condition on the body surface can be written as 
3 0
d K z=yst n ° n S t (C .l)
where S t is the instantaneous wetted surface of the body and n is the unit normal vector 
pointing outward of St. This condition states that the relative velocity between the fluid and 
body surface in the direction normal to body surface be zero. Generally, this condition has 
to be satisfied at the instantaneous position of the body wetted surface. Since the oscillation 
of the body is small, the local velocity of the fluid can be represented in terms of Eqn.(2.4) 
and (B .5), i.e.
V „ = w L + V ( | >  (C.2)
where w l St is the steady velocity due to forward motion of the body which is evaluated on 
the instantaneous surface St.
For convenience, an oscillatory co-ordinate system fixed on the body should be 
employed, that is 
r' = r - a
and
a =  r|+ Q.x r'
where a  is an infinite small vector of the oscillatory displacement, rj and Q are the 
translation and rotation components of a  respectively. By means of a  the unit normal 
vector n o f the body surface in its instantaneous position St can be expressed by the b( d>
s u r f a c e  in its steady state position S, S is the mean wetted body surface, through 
order contribution, as
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The Wl5t can be expressed by the velocity on the steady state body surface taking 
the differentiation of it in oc direction into account, that is
w l s = w l s + aVWl s . (C3)
Substituting Eqn.(C .l)-(C .3) in Eqn.(B.5) and the fact that
gives that
( W + V <|> )n= an on St. (C.4)
Hereafter the overdot signifies the time differentiation in the reference frame of axes, or 
£ W + (aV ) W + V <j> ] ( n + £2xn ) = a( n + £2*n).
Neglecting the second order terms in <j), a  and Cl the following expression is obtained 
<|>n = [  ot + £2 * W - ( a-V) W J  • n on S.
The first two terms give the rate of change of a  in a frame of reference moving with 
steady flow . By means of the vector identity, the Eqn.(C.2) and the fact of VW=V2<j)=0 
(incompressibility), a more compact results can be obtained
^ n = [  a + ^ x ( oc^  ) ]*n on ^ (C.5)
This formula was first derived by Timman and Newman. Furthermore, from the definition 
of a , the assumptions about the diffraction and radiation problems, the harmonic motion 
problem can be expressed
/ . - ico t*n =  (Tlj, *n2, ri3) e
rA / X ' iw t
The boundary condition for the radiation potential G=l,2,...6) can be presented
in term s o f Eqn.(C .5) as 
3 A
^ r-  9 . =  -1 co n. + U m. \ - \ 2  6 c3n J J j J A»A—o on S
where
(C.6)
(n i» n2, n3) = n
(n4, n 5, n6) = r x n
(ml5 m2, m3) = - ( n-V ) W / U
(m4, m5, m6) = - ( n-V ) ( r x W ) / U (C.8)
This formulations were introduced by Oglivie and Tuck. If the assumption W = - 
(U, 0, 0) is made by neglecting the perturbation of steady velocity potential in the case of
the body shape is assumed thin or flat, the relationship in Eqn.(C.8) reduces to
(m l5 m 2, m 3) = 0
(m4, m5, m6) = (0, n3, -n2). (C.9)
For the diffraction problem, the governing Eqn.(2.14) is rewritten here as a 
boundary condition
= on S. (C.10)
3n 3n
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Fig. 2.1a The Co-ordinate Systems
z
y
Fig. 2.1b D efinition o f Motions
z—c~-
/W V
Fig. 2.2 Definition of Integral Surfaces and Volumes
Fig. 3.1 Local Co-ordinate System
Fig. 3.2 T ypical Partitioning o f o-xz Plane Symmetric Body
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Fig. 4.12 Components of roll damping for Series 60 model at Fn=0.0 
according to Ikeda, Himena and Tanaka [11]
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Fig.5.2 Model of semi-submersible crane vessel in two conditions
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Fig. 7.14 Significant wave loads on the cross-deck structure 
of prototype SW ATH 1 in irregular bow quartering waves
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